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SECTION 1 
INTRODUCTION 


The ability of man to exploit apace will be a function of availability of power and 
energy in space and the cost of that power. Programs (stich as the 25 kW power 
system) are presently underway to develop and orbit apace power ranging in the 
tens of kilowatta, and new studies are pursuing systems ranging to hundreds of 
kilowatts . It is envisioned that by the end of the century megawatt capability 
will power missions which will offer significant benefits to society. This study 
was constructed to survey possible beneficial missions and identify crumial tech- 
nologies that must be developed to enable miiltimegawatt photovoltaic space power 
systems. 

Both Low Earth Orbit (LEO) and Geosynchronous Earth Orbit (GEO) applications 
were examined. LEO orbits offered the obvious advantage of lower insertion costs 
and initial manned serviceability and constructability , while GEO orbits enable 
single or dual satellites to support services tied to one terrestrial area. 

This study assumes that power levels in the low megawatt range can be realized 
by the year 2000 if technology development is started early enough to permit an 
orderly, well planned development approach. Such an approach would also aid 
in making programmatic decisions on current and near term technology efforts to 
direct those technologies toward a multimegawatt capability. 

By contractual ground rule, a photovoltaic source was selected for the baseline 
power generation system, rather than solar thermodynamics or nuclear systems. 
However, to assure that possible beneficial solutions were not overlooked, two 
alternates employing hybrid photovoltaic /thermodynamic approaches were included 
for completeness. 

The study was divided into four separate tasks: 

Potential beneHcial missions which require power in the 1 to 10 megawatt average 
power region were developed in Task 1. Based on benefits, two types of missions 
were selected as study baselines and their power requirements developed. 

In Task II, alternative power system concepts and operating options, including 
alternative component technologies, wrre identified and compared. One high-risk 
concept and a low-risk backup epproaci* were selected for further study. 

In Task III, the concepts were refined by performing trades and analysis, with 
particular attention to encironoiental interactions and modularity and safety, to 
establish technology goals . Benefits of the goals were established . 

In Task IV, technology efforts which enable megawatt capability \vcre icientified 
and, based on beneHt criteria, ranked and recommended. 

1-1 


QDC/AST 81-019 


SECTION 2 
STUDY RESULTS 

2.1 TASK I. BASELINE MISSION IDENTIFICATION 

This part of the study was performed as sho«m in Figure 2-1. 



I i: ’»sMi 

•1K>} » 


Figure 2-1. Baseline Mission Identification. 

2.1.1 IDENTIFY POTENTIAL MISSIONS . The first step of the study identifies 
potential missions. Figure 2-2 indicates several of the potential missions which 
were considered. In addition to those listed in Figure 2-2. one other mission was 
considered; RF and laser GEO power beaming to LEO user satellites. 

2.1.2 SOLAR POWER SATELLITE (SPS) TECHNOLOGY DEMONSTRATION . The 
prospect of converting solar energy at geosynchronous orbit continues to repre- 
sent one of the more likely major future technological /energy thrusts. Its via- 
bility is enhanced by its 4 to 1 sd\smage over terrestrial solar power sources 
from its locations, and its potential lor lower enviionmental risks than fusion, 
fission , or coal systems . The major obstacles to a funded SPS program are posed 
by technical uncertainties, public acceptance of environmental impacts, and 
skepticism about current economic analyses based on tentative assumptions. like 
fusion, the technological approaches involved are varied, and all the effects and 
impacts of the vazious alternates have 'lot been fblly assessed or demonstrated. 
Several SPS technology demonstration approaches are viable, including non- 
photovoltaic systems which are not part of this study. 

Capture probability of the SPS demonstration mission is rated high (Figure 2-3). 
While it can be argued that some major segments of the SPS , such ss the required 
heavy launch vehicles and space construction techniques, would not be demonstrated 


2-1 












GDC/AST 81-019 











2-2. Potential Missions. 
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with a shuttle launch demonstrator, the operational environment of higfh power 
and high voltage arrays and large, relatively flexible structures differs enough 
from present or future GEO satellite plans to warrant demonstration up to the 
limits of shuttle capability. Further, efficient RF conversion, transmissions, and 
rectification, and concerns about RFI/sidelobe environmental imparts should be 
addressed with test data for a GEO stabilized large structure. Without the data, 
environmental skepticism will remain too high for the full public support needed 
for the program. 

This study, therefore, includes the SPS demonstration mission. Orbital inclina- 
tion is the recommended zero degrees (Ref. 1), weight is 2.5 x 10^ Kg, with 2.0 
megawatts useful power delivered to a potential load . Although the two pure 
photovoltaic SPS concept baselines do not include active heat rejection, it is in- 
cluded here as a contingency that may be deleted later . Mission objectives in- 
clude the demonstration of concept viability, measurements of efficiency and 
reliability , and data gathering on environmental interaction . These data would 
increase the credibility of studies leading to full-scale SPS development. 

2.1.3 MATERIAL PROCESSING IN SPACE (MPS) . With the advent of the space 
transportation system , it becomes feasible to consider the manufacturing of high 
technology drugs, perishable cutting tools, and semiconductor electronics, when- 
ever zero ”g" can signiflcantly increase quality or yields. Science Applications, 
Inc. (SAI) estimated in 1977 (Ref. 2) that up to 25% of the drug market, 50% of 
the current tool market, and 10% of the semiconductor market (with space segment 
sales of 15, 38, and 17 billion dollars, respectively) might be economically justi- 
fiable. These processes have not yet been proven, but the potential is there. 
Certainly, if they can be developed, they will provide a significant encourage- 
ment for public support of space activities which is now lukewarm because the 
benefits are not clearly evident. 

NASA plans to begin the development of MPS activity in the near future, and 
some contractor studies have suggested that material-processing clusters could 
be developed by the late 1990s to meet the needs for material processing in an 
efficient manner. 

Unfortunately, in evaluating a cluster concept for materials processing (Figure 
2-4) , the conflicting needs of the different processes make a single integrated 
facility impractical, at least at this time when much basic research is still needed 
to prove the feasibility of manufacturing in space . Specific issues would be con- 
tamination and different basic operational points. Materials processing is a "hot" 
activity, while bio-processing (drugs) tends to be cold or at room temperature. 

All the processes require low "g" levels, and clustering complicates the environ- 
mental interaction. 

2.1.4 PROPELLANT PROCESSOR . In the event that electric propulsion techno- 
logy is unable to fulfill the requirements for transfer or interplanetary missions 

in the 1990s because of technical or economic considerations, an orbiting propellant 
processor was considered as a possible approach processing a high probability 
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RISKS - CLUSTER INTEGRATION 


ORBIT LEO, LATE 1990*8 
20 YEAR LIFE, 

5 X 10~® G*s 

100-200 GROUPED CLUSTER « 
15-30 KW«1.5-6 MEGAWATTS 

INTERMITTANT SERVICE OK FOR 
RE-SUPPLY 

DESIRED WEIGHT NOT 
INCLUDING MPS UNITS 35000 Kg 


Figure 2-4. Material Processing in Space - Processing Cluster. 

of success and the ability for alternative functions. The major advantages of 
processing LH 2 and LO 2 fuels in LEO include the ability to avoid expendittire of 
fossil fuels on Earth for electrolysis, the high power density achievable with these 
more conventional thrusters and the ability to provide full-time multi- 100 kW power 
by later incorporrting banks of nonregenerative ftiel-cells, using the liquified 
gasses as a power storage medium. 

A typical system configuration is shown in Figure 2-5, from which it can be seen 
that the high power level arises primarily from the requirements for electrolysis 
and the low coefficient of performance attained in cryogenic cooling. The weight 
breakdown shown in Table 2-1 indicates that the primary component of mass is 
the LO 2 tank, and that multiple Shuttle launches or Heavy lift Launch Vehicle 
(HLLV) Shuttle derivative would be required. 

Table 2-1. Weight Breakdown for Propellant Processor. 


LH 2 Tank 

3,600 kg 

LO 2 Tank 

21,800 

Radiators (2.4 kg/m^) 

1,000 

Stirling Cycle Refrigerators (2) 

4,100 

H 2 O Tank 

250 

Electrolyzer 

900 

Array (1 mw 3 430 w/kg) 

2,300 

Pumps, Piping, Insulation 

2,250 

TOTAL SYSTEM 

36,200 kg 

Initial Water Fill 

25,400 

Total Operational Weight 

61,600 kg 
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Figure 2-5. Typical Propellant Processor Systenj Schematic 
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The capture probability of this mission is considered to be low (Figure 2-6) for 
the following reasons: 

a. Ion and Magneto Plasma Discharge (MPD) thrusters are in an advanced 
state of technology development, and although there are uncertainties, 

it can be expected that these will be reduced in the time frame considered. 

b. Micro-meteoroid protection of the tanks makes them very heavy, leading 
to high transportation costs. Completely fail-safe protection is considered 
unlikely. 

c. The considerable masses of the oxygen tank and the water fuel would 
require multiple Shuttle launches to implement this system . 


POWER LEVELSl MW BASELINE 
COULD BE SCALED TO ANY SIZE 

LIFE - 20-30 YEARS 

LEO ORBIT FUEUNG STATION 
FOR TRANSFER, INTERPLANETARY, 
REBOOST OR LONG-TERM MISSIONS 


SYCTEM MASS INCLUKNG FUEL - 
61600 KG 


BREACH OF CONTAINMENT 

Figure 2-6. Propellant Processor. 

2.1.5 LEO SPACE CONSTRUCTION FACILITY . There are two major thrusts that 
encourage the development of space construction capability. The first arises 
from the results of many studies that are concluding that the Shuttle System pay- 
load capability is volume-limited rather than weight-limited . This implies that 
more efficient use of STS will result from the ability to load the cargo bay with a 
dense array of raw materials and the ;i perform construction and deployment of 
basic buildinb locks using an orbiting construction facility. This will allow a 
variety of structures to be implemcviteU v uhout incurring the penalty of 



Propeliant pn^essor 


RISK - CATASTROPHIC FAILURE IN 
EVENT OF METEOROID OR STRAY 

SATE LUTE IMPACT RESULTING IN 
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transportiniT a separate deployment mechanism to orbit for each . The planar 
structure of Figure 2-7 is an example. This would be especially true as shuttle 
performance increases in the 1990s . 


LEO 



Figure 2-7. LEO Mission Concept Space Construction Facility. 


The second thrust is the fact that deeper structures can be more maneuverable 
and transportable. Perhaps they can be erected in LEO, fully tested, and then 
deployed intact more easily with this facility . Later in this study , concentrating 
arrays are shown to have greater benefits (lower cost, higher efficiency) than 
planar arrays. This also may be true at lower power levels for different missions 
(Ref. 3). The technology for assembly may be significantly aided by utilizing 
space-aided construction. 

Because of these issues, a space construction facility was selected as a baseline 
LEO mission. 

Since the facility wotild be used to assemble larger spacecraft, such as those 
eventually to be stationed at GEO, the baseline design includes ion engines and 
their propellants required for stationkeeping, as described in the following sec- 
tion on orbital constraints. Final trades could substitute more engines and array 
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than included in the baseline ; the'se would fire only when the spacecraft is inso- 
lated by sunlight , and the energy storage requirement would be decreased ac- 
cordingly. 

A set of baseline design SCF mass properties were developed to be used as input 
to the stationkeeping analysis. Table 2-2 lists the major components of the faci- 
lity and their masses. A minimal facility could consist of a beam bxiUder, a mani- 
pulator, a device for sheathing the structure in some manner dependent upon the 
particular application; for example, the construction of solar arrays, or manned 
stations requiring radiation shielding, pressurized "cherry-pickers” for manned 
operations, and crew quarters. Capture probability for the mission is high be- 
cause it will be prerequisite to the deployment of very large space structures , 
and should enable more effective use of STS . 

Table 2-2. Mass Properties for Space Construction Facility. 


MASS PROPERTIES 


Required Power 

1.00 MW AVG 

Energy Storage 

0.64 MWH 

Array for Energy 
Storage 

0.7 MW 

Total Array 

1.7 

With Safety Factor 
(0.9) 

2.35 MW 

Distribution (0.9) 
EOL (0.9) 

and 

Array Area Required 
(0.17n) 

10,000 m2 

Solar Blanket Mass 
(10,000 X 0.8) 

8,000 kg 

Truss Mass (4300 m x 
0.87 kg/m) 

3,700 

Odapt * Mass 

800 

Total 

12,500 kg 

Electrical Propulsion 
Mass 

100,000 kg 


WEIGHT BREAKDOWN 


Beam Builder 

15,000 kg 

Crane /Manipulator 

20,000 

Sheather 

5,000 

"Cherry-Pickers" 

12,000 

Crew Quarters 

10,000 

2.5 MW Array 

12,500** 

Energy Storage 

10,000** 


84,500 kg 

ALTERNATE BREAKDOWN 


Robotic Beam Extender(s) 

15,000 kg 

Crane /Manipulator 

20,000 

Crew Quarters 

20,000 

2.5 MW Array 

12,500** 

Energy Storage 

10,000** 


77,500 kg 


* Orientation Drive and Power ** Depended upon Study Outputs 

Transfer. — Final Estimates Higher. 
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2.1.6 ORBITING SPACE SCIENCES OBSERVATORY . The Orbiting Space Sciences 
Observatory (OSSO) (Figure 2-8) is a large, orbital laboratory facility that could 
be used by international scientists to increase man's knowledge and understand- 
ing of the earth's space environment, the sun, stars, and other celestial bodies. 

Specifically, OSSO would be employed for research to investigate the earth's 
upper atmosphere, the ionosphere, the magnetosphere, the interplanetary medium, 
and their coupling links; and to make observations of solar cosmic ray. X-ray, 
gamma ray, ultra violet, infrared, and radio emissions not possible fxt>m ground- 
based observatories. i 

' 3 

' j 

This large orbital facility is an \inmanned, multi-purpose scientific observatory j 

that provides central subsystem support (power generation and storage, propxil- 
sion, attitude control, telemetry and control communications, computation, and 
data handling) for a wide variety of user-provided scientific payloads in the 
Astrophysics and Solar Terrestrial Progra'.is, thereby providing the scientific 
community with both economic benefits and expanded technological capabilities ; 
e.g. , high power, large area sensors, and a wide range of orbit altitudes and 
inclinations. 

The OSSO will be a long-life facility that is initially assembled in low earth orbit 
(LEO) and is thereafter periodically serviced and refurbished in LEO using the 
Space Shuttle. Typical mission durations might range from 1 to 2 years. Some 
of the scientific instruments would stay aboard for multiple mission periods. 

Others would be updated in accordance with new mission requirements and as 
new technology evolves. 

An advanced electric propulsion system provides the capability to operate over 
a wide range of earth orbit altitudes and inclinations . Each mission begins and j 

ends in Shuttle-compatible low earth orbit; e.g. , 300-500 km altitude and 28.5 to 
' 56 degrees inclination . The electric propulsion system provides the capability 

for plane changes (range 0 to 104") and orbit altitude changes (range 300-100,000 
km), depending upon the specific mission requirements. 

The facility includes a 1000m diameter antenna that is used for ratio astronomy, 
gravity wave experiments, inner magnetosphere cold electron dynamics investiga- 
tions, and various radar applications. The antenna size and figure should make 
it usable up to about 0.2 GHz. 

The large size of the facility makes possible the use of very large experiment equip- 
ment items such as the 1000m long dipole antenna of the plasma wave injection facil- 
ity (PWIF). Figure 2-8 shows the OSSO typically configured for a plasma Physics 
investigation mission. The extendable tape dipole antenna is used for investigations 
of magnetic pulsations and wave-particle interaction , and the electron accelerator is 
used for particle beam injection experiments . Diagnostic instruments such as rf j 

receivers , energetic particle detectors , optical imagers k photometers , magnetome- 1 

ters . and wave detectors are mounted on sensor platforms at the ends of four 600m 
long experiment mounting arms . For other types of missions . these sensor platforms 
would carry telescopes, spectrometers, polarimeters , high-energy detectors, and 
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their supporting electronics. Some of the telescopes and/or detectors will be cooled 
to LHe or LH 2 temperatures and will require closed-loop reftigeration for these long 
term missions. 

Standard docking ports are provided at the ends of the six 600m long experiment 
mounting arms. These provide the structural and functional interface for inter- 
changeable platforms that house the user-supplied scientific experiment equip- 
ment. The functional interfaces to be accommodated are listed in Table 2-3. 

Table 2-3. Functional Interface Requirements at Sensor Platform 
Docking Points. 

Structural: Maximum sensor platform mass = 5,000 kg 

(each of six) 

Electrical Power: Up to 3 mw at any location (not simultane- 

ously) 

4 mw total power during operation of 
experiments 

NOTE: High power experiments do not operate while propulsion 
system is operating. 

Data Handling: Digital = 50 mbps 

TV = 4.5 MH 2 > 2 channels simultaneously 

Pointing /Attitude Control: ±5 degrees for photovoltaics 

NOTE: 1000 m antenna pointing/attitude control = ±0.2 deg. 

The design of the OS SO must assure that the facility will not contaminate or 
otherwise perturb the local environment and thus invalidate the results of the 
investigations underway . For this reason , fine pointing control is accomplished 
using reaction wheels rather than mass-expulsion devices, and the electric pro- 
pulsion system employs argon as the working fluid. Magnetic fields produced by 
the electrical power generation and distribution system must also be controlled to 
acceptably low values. 

The total facility is estimated to weigh approximately 8C , 000 kg at the beginning 
of a typical mission. A preliminary weight estimate is presented in Table 2-4. 

2.1.7 FAST ELECTRIC TRANSFER . The development of larger ion or MPD 
engines (References 4 and 5) could offer the prospect of relatively fast electric 
transfer from LEO to GEO. 

The number of shuttle flights tor propellant transfer would be reduced with this 
development . and thus the domain of less expensive space transportation extended 
to GEO altitudes. Even lunar transfer could become less expensive should lunar 
resources become needed in space. 


I 
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Table 2-4. Preliminary Weight Statement (OS SO). 


ELEMENT 

MASS, kg 

Structufo 

5,400 

Electrical (Seneration k Storage 

18,000 

lOOOm Antenna 

2,800 

TCC 

200 

ACS 

2,000 

Propulsion, dry 

7,600 

Argon 

12,000 

Payload Equipment 

30,000 

Total 

78,000 


Successful pursuit of the fast electric transfer system (PETS) concept roust re- 
cognize a need for technology developments along several lines of effort . includ' 
ing: 


a. Advanced photovoltaic arrays 

b. light-weight, efficient support structures 

c. Light-weight power bussing 

d. DC to DC power conversion a; MW levels, including possible on-array con- 
ditioning 

e. Thermal heat rejection 

f. Long life ion or MPD thrusters 

By reason of high specific impulse (5,000 to 10,000 seconds) , possible large cost 
savings are foreseen due to fewer shuttle flights needed for carrying propellants 
into orbit . Propellant requirements can be ideally determined by the ratio of the 
ISPs of the various propellants under consideration , but in practice , reduction 
of total system mass is not this large because the self-powered electric stage is 
heavier than its counterpart in a chemical OTV . 

It is useful to examine a hypothetical design to better reveal the target areas for 
development to achieve fast electric transfer. Identification and study of the 
vehicle systems hat use and service electrical thrusters may uncover information 
that is critical to the development of the thruster itself. 

For this preliminary examination. Reference 4 was used to estimate thruster per-' 
forroance . 
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An overall concept for a FETS la ahown in Fl^re 2-9. Two large aolar arraya 
are coupled to the equipment and propulaion module through rotating jointa. The 
atruc^nral aubayatem ia derived from a truaa concept patented by General Dyna- 
mica i.. 1974 and from work accompliahed during 1977 and 1978 under an Air Force 
atudy for On-Orbit Aaaembly of a large apace antenna . During thia atudy , a 
lightweight, deployable truaa waa defined (Figure 2-10). Linear packaging ratioa 
of 10:1 and volumetric ratioa of 40:1 are achievable ¥rith thia concept. For the 
FETS otructure, truaa weighta of 0.566 lb /ft are projected. Concepts for unfurl- 
ing and tensioning very large membranes were also defined. 

Important to the concept is a photovoltaic array of an advanced design. Light- 
weight , high efficiency , and long life are all important considerations . Studies 
by General Electric for NASA have shown potential for constructing arrays for 
approximately 450 watts/kg (array only). For this preliminary definition, array 
performaxtce is targeted for 430 watts/kg at 260 watts /aq. meter. 

Table 2-5 summarizes subsystem weights used to arrive at a total system weight. 
One of the important tradeoffs recognized is in the area of power conversion. DC 
to DC converters built to current technology would weigh three or four pounds 
per kilowatt , which wovdd result in the single heaviest subsystem . A converter 
appears to be necessary, since the supply voltages for the ion and MPD thrusters 
are varied , whereas for maximum efficiency the supply voltage array may be 1000 
volts. An ideal system might be designed to operate without power conversion. 
Trades at a system level can reveal information on this possibility. For the pur- 
pose of this estimate, a target weight of 1 kg/kw was inserted in the table for 
power conversion. 

Table 2-5. Fast Electric Transfer System Wei^t Targets, kg. 


Array Support Trusses 

800m at 0.836 kg/m 640 

Payload Trusfer Trusses 
360m at 0.836/m 300 kg 
Berthing devices and fittings 
300 kg 600 

Array 

5.1 mw at 430 w/kg 12,000 

Array Deployment Drums 
Drums (2) 200 kg 

cable 2500m 160 kg 

motors 40 kg 

mechanism 40 kg 440 

Main Support Truss 

1 lOm at 2 -'Jt/m 220 

Rotating Machinery 

est 5% of array weight 550 

Bussing 

est 5^ of array weight 550 


Central Module 

800 

Electronics 

300 

Batteries and Power Control 

300 

Auxiliary Propulsion 

500 

Argon Containers 
15,0(X) lb capacity 

1,000 

Thrusters 
30 at 20 kg each 

600 

DC to DC Convertors/on Anay 
Conditioning 1 kg/kw 

5,000 

Radiator 

cst. 98^ power conversion 
20 kg/kw 

2.000 


TOTAl 25.500 

dr>' 
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Figure 2-9. Fast Electric Transfer System. 
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A second major area of concern is heat rejection for the thrusters . No weight 
has been included in the table for radiators. Reference 5 estimates that it can be 
done for 700 kg per thruster. This may be conservative, and may also impose 
undue penalty in the event that multiple thrusters are used to unsure long life 
for the system . Some other way might be studied to solve the heat rejection 
problem . A bank of sixty MPD thrusters operating at one second on and fifty- 
nine off, might be self-cooled. If this works, it could also prolong thruster life, 
by distributing firing time across sixty thrusters. An additional system trade is 
required to establish whether the projected ion engine efficiency and array weight 
savings are worth the added complication. 


Assuming the target weights indicated in Table 2-5 are achievable, the PETS can 
become an efficient and useful tool for both orbital transfer and planetary explora- 
tion. The weights are felt to be realistic, and in some cases conservative. For 
example, a radiator weight of 2000 kg, could be as low as 900 kg, according to 
some parametric information produced by the Vought Corporation (Figure 2-11). 

With the fast electric transfer system, a GEO transfer time of 30 days is the goal. 
For the configuration outlined herein , preliminary estimates show a payload trans- 
fer capability of 20,000 kg to GEO, carrying sufficient propellants for return to 
LEO. 


Conclusion ; Although the Fast Electric transfer stage does provide significant 
benefits as a vehicle stage, it was not selected as a baseline mission for the study. 
It was felt that it would be better to select a mission which, in itself, provided 
new benefits to the public in terms of the actual use of power in orbit for ex- 
tended time periods. 

2.1.8 AIR TRAFFIC CONTROL RADAR ILLUMINATOR. There are approximately 


13,000 commercial airports in the United States today. At this time, they have 
varying degrees of radar coverage for air traffic control /collision avoidance. 

There are indications from news media reports that the air traffic control and 
collision avoidance system could benefit from increased accuracy and awareness 
of the proximity of air traffic. Two ground station transmitters would be required 
to reliably assure that the area of each airport is illuminated, so that single point 
failures leave the system operational. 


Further, each radar requires its own power, which is generated terrestrially. 

This generation adds to terrestrial energy usage; and, since beam field strength 
is relatively high, poses a possible health risk to personnel in close proximity to 
the transmitter. The above deficiencies can be overcome by careful control, but 
an alternative is the space generation of energy in the form desired. 

Figure 2-12 shows the basic system approach for such a bistatic illuminator, and 
a baseline spacecraft configuration using planar arrays. A space radar trans- 
mitter operating in a bistatic mode would sequentially illuminate the area surround- 
ing up to 1,000 airports. Surrounding the airport, several bistatic receivers 
would use inexpensive high-speed data processors which will be available in the 
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Figure 2-12. Recommended Mission Concept Provides Conus Redundancy With Only Two Spacecraft. 
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1990s, along with techniques ftom modern information theory to establish the 
location of the airplanes within a required error interval. The redundant set of 
ground system radars would be redistributed to other airports, since the space 
radar provides redundancy to protect against random or overtly caused failures 
of the ground radar or power systems. The ground system would provide re- 
dundancy in the event of hostile action against the space radar , or some highly 
improbable catastrophic failure. Airplane transponders would not be required. 

Two spacecraft would be spaced so that only one was eclipsed during the spring 
and fall eclipse periods . This is acceptable because traffic is reduced later at 
night. The two 15-megawatt solar arrays supply 10 MW to the radar antenna. 

The 45-meter aperture antenna uses phased array technology to direct the radar 
beam to up to 1,000 airport areas over the continental United States. The 45- 
meter aperture provides spot sizes of approximately 40-mile diameter from geo- 
synchronous orbit. Using the 10 megawatts ftrom the arrays provides enough 
energy for a signal- to-noise ratio of about 10 db at the bistatic receivers, for 
targets with a 5 sq. meter cross-section, which also requires a 10 MHz bandwidth 
to estimate the vdocity and position within 100 ft. Figure 2-13 provides the 
preliminary link analysis. When the design is done, the bandwidth may be re- 
duced by applying correlation and Kalman filtering to the video and state data, 
but this analysis assumes further study would be required to analyze these effects 
more completely to establish final link budgets. 

The technology for the planar array baseline radar uses trusses to construct a 
gridwork upon which solar blankets are mounted; the 45-meter radar antenna 
concept uses Con vair- developed deployable trusses and radar membrane blankets 
for its construction (Figure 2-10). The membrane, which consists of about one 
million transmitter modules spaced at intervals of 0 . 6 X , can be used as a phased 
array and is also under development at Convair. Each module would radiate 3 
watts of power. 

The socic-economics of such a system are someshat similar to the proposed SPS, 
with some exceptions: 

a. The environmental concerns, costs, and risks of the system on the terrestrial 
RF radiation environment are significantly reduced, because the average 
energy density can be held below even the Russian safety level of 0.01 mw/ 
cm2, and far below the postulated 25 mw/cm2 of the U.S. SPS. 

b. Shuttle launch costs per kilogram of payload are greater than the postulated 
SPS heavy launch vehicles. Therefore, the system effectiveness equations 
must show gains sufficient to overcome the transportation expenses. The 
preliminary analysis conducted by Convair for NASA has indicated that the 
cost of the space-based radar can reduce transportation costs by utilizing 
centralization to achieve economics of scale. These come about primarfly be- 
cause individual ground radars require at every airport separate backup 
systems which are operated only intermittently , while the space systems level 
of redundance can be multiplexed in such a way as to be operational without 
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Figure 2-13. Air Traffic Control Bistatic Radar Power Allocation 
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a completely separate additional spacecraft . Low cost is essential however , 
for the concept to be viable. Fi^re 2-14 summarizes these considerations. 

This analysis of the susceptability of the two alternate approaches to catastrophic 
and overt destruction has not been completely developed, since it is dependent 
on the assumed threat and on detailed design. 

2.1.9 RF POWER BEAMING SATELLITE IN GEO . The Solar Power SatelUte (SPS) 
is economically viable because satellites in GEO receive insolation almost the en- 
tire orbital period and thus the photovoltaics have nearly 100% duty cycle. Use 
of these GEO SPS satellites to beam rf power to LEO satellites provides potential 
benefits to the space program. Because such satellites (Figure 2-15) would 
generate the beam power at GEO, the LEO satellites receiving power would: 

a. Require a lower cost rectenna compared to a higher cost solar array. The 
rectenna would have a 100% duty cycle as compared to the 67% duty cycle the 
solar array eclipsed LEO satellites may have . The photovoltaic costs associ- 
ated with LEO energy storage/power generation would also be avoided. 

b. Not require the significant energy storage systems which LEO satellites now 
need to accommodate the eclipse period. 

The weight and cost of energy storage systems such as NICAD batteries, nickel 
hydrogen batteries, or fuel cells would be avoided. 

Initially, the capture probability of such a system is thought to be small. User 
resistance will probably be high because LEO users would be dependent on the 
laser power beaming satellite for their energy. However, the benefit of such a 
satellite strongly depends upon the configuration and design concept which even- 
tually evolves . If a concept could be developed which features an extremely light 
weight deployable structure for the rectennas and perhaps for the transmitting 
antenna, the concept might have more viability than appears on first examination. 
Because the air traffic control radar satellite has much higher capture probabi- 
lity, the RF power beaming satellite will not be considered further. 

2.1.10 ORBITAL CONSTRAINTS . The deceleration of structures whose cross- 
sectional area is large increases as their mass decreases and may cause sigrnificant 
orbital decay in LEO . To evaluate these effects for a typical multimegawatt con- 
Hguration , an analysis of the effects of atmospheric drag was conducted for the 
spacecraft illustrated in Figure 2-16. The spacecraft configuration is one design 
concept for a S-megawatt solar power demonstrator. Components would be delivered 
into low earth orbit by the Space Shuttle, where they would be assembled into the 
conflginration illustrated. 

The General Dynamics program TRAJEX was used to generate a parametric set of 
orbital flight simulations in which the only perturbing force acting on the space- 
craft was atmospheric drag. The effects of rarefied How aerodynamic forces 
normal to drag were not simulated. Since these forces act normal to the velocity 
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Figure 2-15. RF Power Beaming Satellite. 
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vector, their effect would be to pertxirb orbital inclination and/or eccentricity 
without changing orbital energy. The corresponding station-keeping velocity 
corrections are believed to be small compared to the corrections for drag. The 
oblate earth terms in the gravitation fbnetion were set to sero to isolate the effecta 
of atmospheric drag. The effect of aolar radiation pressure was not included in 
this analysis since it is small compared to the effect of aerodynamic pressure. 
Reference 6 gives a value of about 9 x 10~8 ib/ft^ for solar radiation pressure at 
earth, whereas a nominal aerodynamic pressure of about 1 x 10~6 ib/ft^ is indi- 
cated for the highest circular orbit considered in this analysis (225 nautical miles). 
The nominal upper atmosphere densities defined by the 1976 U.S. Standard Atmos- 
phere of Reference 7 were simulated by applying a correction factor to the densi- 
ties computed by the older atmosphere model (Reference 8) used in the TRAJEX 
Computer Program . The densities defined by the 3-sigma cold atmopshere model 
of Section 7 of Reference 9 were used to compute data for maximum drag. 

Drag characteristics of the spacecraft are based on data obtained from Chapter V 
of Reference 10. Drag coefficient was implemented as a function of total angle of 
attach as defined in Figure 2-16. A flat plate drag coefficient, Cd « 3.3, was 
assumed where Cd is based on projected area perpendicular to the free stream . 
Free molecular flow , a non-tumbling spacecraft , and diffuse reflection of imping- 
ing gas particles were assumed. The computed drag force was applied in the 
direction of the negative relative velocity vector in the TRAJEX simulations. 

Figure 2-17 defines the alignment of the spacecraft body axes with respect to the 
TRAJEX inertial u,v,w coordinate system (Reference 11). The matrix of direction 
cosines relating the spacecraft body axes to the inertial coordinate system is 
shown . The inertially fixed spacecraft attitude is defined as a function of orbit 
inclination and so’ar declination such that the flat plane of the spacecraft is always 
normal to the earth-sun Une. 

Figure 2-18 summarizes the results of this study. Each data point on the nominal 
atmosphere curves corresponds to a TRAJEX simulation . These simulations in- 
cluded a range of orbit inclinations ftorn zero to 90 degrees , solar declinations of 
-23.5 degrees and -«-23.5 degrees, and altitudes of 150 nautical miles and 225 nau- 
tical miles. The 3-sigma dense atmosphere curves were obtained by multiplying 
the nominal drag loss values from the computer simulations by the ratio of the 
dispersed atmosphere density to nominal density, since drag loss is directly pro- 
portional to atmospheric density for the cases considered here. Note that mini- 
mum drag losses occur when the difterence between orbital inclination and solar 
declination is equal to 90 degrees. Reference to Figure 2-17 shows that this cor- 
responds to the case in which the spacecraft is always aligned in the minimum 
drag attitude, that is. '*edge-on" to the direction of motion. It should be noted 
that, for simplicity, the projected frontal area for the "edge-on" case was con- 
servatively assumed to be 37.670 ft^, corresponding to the long dimension of the 
rectangular spacecraft . In realit> , the average projected area of the leading edge 
will be somewhat smaller over a full orbit because of the apparent spacecraft 
rotation with respect to the earth-relative velocity vector. 
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Figure 2-17. Inertial Orientation of Spacecraft. 
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Maximum drag lost occu«‘s when the orbit inclination is equal to the solar declina- 
tion. Figure 2-17 shows thai in this configuration, the spacecraft is alternately 
moving from "broadside" to "edge-on" with respect to its attitude relative to the 
direction of motion. This is the expected position for large structures hanging 
down from the Space Construction Facility, to minimize gravity gradient torques. < 

In sizing the stationkeeping propulsion syste^'i for the spacecraft, the minimum I 

required thrust level would be determined by the maximum drag force expected 
to be encountered during the lifetime of the spacecraft. For a ISO nautical mile 
circular orbit, the maximum drag force would be about 93 pounds. This corres- 
ponds to a three-sigma dense atmosphere and maximum projected frontal area. 

For 225 nautical miles, the corresponding maximum dra^ force would be about 15 
pounds. For preliminary estimates of propellant loading roqwrements, a velocity 
correction capability someshere between those shown in Figure 2-18 for 3-sigma 
dense and nominal atmospheres should be used ; to assume a nominal atmosphere 
would be nonconservative since drag force dispersions resulting from a 3-sigma 
cold (dense) atmosphere are greater than those resulting from a 3-sigroa hot 
atmosphere. (See Section 7 of Reference 11.) 

When the data for drag were used to calculate the propellant mass required for a 
20-year mission life, up to 2 IC^ kg of chemical stationkeeping propellant mass 
were found to be required (Hydrazine, ISP = 225), whereas only 100,000 kg of 
mass would be required for electric propulsion, with an assumed Ion Engine ISP 
of 5000 and a 225 mile altitude. 

It should be noted that the amount of propellant required for stationkeeping de- 
pends on engine specific impulse, altitude, and spacecraft mass. This study as- 
sumed a 225 n.mi. shuttle orbit, an engine ISP of 5,000 and without Orbital Maneu- 
vering System (OMS) Kits installed. Spacecraft mass was 50,000 Kg. This mass 
influences propellant usage , because the velocity loss per orbit is the integral of 
acceleration, and the more massive the spacecraft, the smaller the velocity loss per 
orbit. For a fully configured space construction facility with five times the 50,000 
Kg mass for which Figfure 2-3 applies, and for a higher OMS-aided 300-mile orbit 
and an ISP of 5.000, the chemical propellants required could decrease to as low as 
40,000 Kg. However, the electrical propulsion propellant mass would still be about 
5% of this value, and even with these lower masses of propellan. ^ the expected 
chemical propellant transportation costs are approximately equal to the extra array 
costs, and therefore ion engine stationkeeping is viable. 

2.1.11 MISSION SELECTION AND GROUPING . The foregoing discussion high- 
lights the fact that two GEO missions emerged as potentially very beneHcial to the 
needs of the country in the 1990s. They were the Radar illuminator and the Solar 
Power Satellite (SPS) demonstrator. Both beam R.F. power to a relatively small 
area on earth. 

Because the SPS is being studied extensively elsewhere, it was decided to focus 
this study effort on the Radar iliuminator mission. The Radar mission also has 
the attractiveness of focusing on a problem of concern to all who fly: assuring 
the safety of the traveling public. 


2-29 


GDC /AST 81-019 


The selection of a LEO Space Construction Facility to implement the GEO power 
beaming missions was a corollary to the LEO selection. 

2. 1.12 POWER REQUIREMENTS . As described above, the power requirements 
tor the radar satellites were established so that one or two satellites could handle 
up to 1,000 airports. Final requirements would be dependent on the operational 
planning. However, to minimize wasted orbital slots, the satellites were sized at 
the high end of the power range studied — 10 mW each. 

The power requirements developed for the space construction facility assumed 
that the dr » caused by the interaction of the atmosphere at LEO with the array 
frontal ape''" ure was compensated for by electrical propulsion, with shuttle - 
supplied, station; eeping propellants. Further, compensation for the drag caused 
by the interaction between the atmosphere and the item being assembled by the 
station was also supplied by electrical propulsion . 

For ion engines, a 1.0 megawatt requirement will provide the stationkeeping with 
electrical propialsion at 225 n.mi. These power requirements interact with the 
energy storage component characteristics, as shown in Figure 2-19 (on the 
following page) which specifies the power generation capability for the various 
storage technologies. To accommodate any option, a 2.5 megawatt sizing v/as used. 

2.2 TASK II, CANDIDATE POWER SYSTEM CONCEPTS AND COMPONENT TECH- 
NOLOGIES 

Figure 2-20 shows how candidate power system concepts were developed, compo- 
nents were identified, and preliminary system synthesis were accomplished. 



Figure 2-20. Power System Concepts and Component Technologies. 

2.2.1 CONCEPT IDENTIFICATION . Three types of power generation concepts 
were developed: planar array, pure photovoltaic concentrator, and hybrid 
photovoltaic /thermal heat engine concepts. They were considered in conjunction 
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with two types of power management and distribution systems, ac and dc: and 
three types of energy storage systems: batteries, fuel cell /electrolysis, and in- 
ertial (flywheel) storaf^. 

2 . 2 . 1 . 1 Cell Configurations Considered . Three configurations of photovoltaic 
cells were considered for power generation use: 

a. Multi-bandgap (three bandgaps) cells with high projected efficiencies. 

(Figure 2-21.) 

b. Two cells or two-bandgap cells, with some form of spectrum splitting or dual 
energy used. 

c. Single-bandgap cells such as todays silicon and gallium aluminum arsenide. 

2. 2. 1.1.1 Multi-Bandgap Cell Data . The analysis accomplished by this study was 
performed using data provided to General Djmamics by the Varian Corporation as 
part of a trade-of-data agreement between the two corporations. Figure 2-22 
shows the performance predicted ' " .hree junctions Gallium Arsenide cells with 
three -micron diffusion lengths fc various concentration ratios and temperatures. 
Appendix C describes the approaches and expected performance in more detail. 

2. 2. 1.1. 2 Two-Cell Configurations . There is some concern that multi-bandgap 
cell technology will never really achieve its ultimate desired goals. To provide a 
viable plan, this study also projected an approach which uses two cells as a backup 
to provide two-band operation. Two possible configurations for two-cell systems 
were considered. In one configuration, a high-bandgap Gallium Arsenide cell 
floats on top of a lower-bandgap Gallium Arsenide or silicon cell. These type 
cells have been referred to as "Gallicon" cells in the literature. Basically, the 
spectral splitting is achieved inherently by the design; the two cells are bonded 
together with a transparent bonding material which can survive the temperature 
extremes of space. A second approach considered involves using energy which 
the high-bandgap cell does not use, and reflecting it because of the geometrical 
configuration on to the lower-bandgap cell, A typical configuration for such a 
reflection is shown in Figure 2-23. This figure also shows what the ideal energy 
utilization might be from the high-bandgap Gallium Arsenide cell when combined 
with the lower-bandgap Gallium Arsenide or silicon cell. In the figure, the lower- 
bandgap cell is a silicon cell. If the lower-bandgap cell were to be a Gallium 
Arsenide cell, the cutoff point for the infrared energ^y might be at a slightly lower 
wavelength (around 650 millimicrons) and the second lower-bandgap cell would 
probably cease performance between 900 millimicrons and 1 micrometer. 

The data used for this two-cell Gallium Arsenide configuration was provided by 
Varian as part of the interchange agreement, and is also further described in 
Appendix C. 
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Fi^re 2-22. Multi-Bandgap Cell Projections were Based on Detailed Cell Analysis 
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2.2. 1.1.3 Single -Band Cells . The single -bandgap cells considered were those 
emerging from the laboratory today, but with slightly higher efficiency projec- 
tions. Back surface reflectors were employed to eliminate the unused infrared 
energy, a "low cost", lower efficiency, silicon cell was also considered, since 
such cells may be available from the DOE "low cost" photovoltaic program. 

2.2. 1.1.4 Cell Configuration Summary . Figure 2-23a summaries the various cell 
technologies which will be available for use in planar arrays and concentrators. 

The projected characteristics are summaries Drom the Component Application and 
Performance estimates which are presented in Appendix A . These estimates were 
developed from Vendor discussions and consultations with NASA component 
engineers . 

2.2. 1.2 Power Generation Configuration Geometries . Six alternate geometrical 
configurations of spacecraft were investigated. They are shown in Figures 2-24 
through 2-29. Three configurations satisfied the requirements of a 10-megawatt 
radar satellite operating in geosynchronous orbit (23.5 degrees) . Three satisfied 
a LEO space construction mission objective at 28-degree inclination. Preliminary 
study of another configuration, the very -high -concentration -ratio (CR=2000) 
spherical paraboloid, revealed a concern which weighs against its selection: if 
the spacecraft should accidently tip off the sun line, the truss structure attach- 
ing the focal electronics to the spacecraft could be destroyed by the concentrated 
solar beam. Further, the thermal analysis indicates theremal impedance of the 
high concentration (>^200) systems is significant, and, very high velocity (>50 

ft /sec) liquid cooling is required. The spherical paraboloid was therefore dropped 
from consideration. 

2.2.2 PLANAR ARRAY OR LOW CONCENTRATION ABOUT GIMBALED AXIS (CON- 
C ENTRATION RATIO, CR, =2) . These types of systems are extensions of today’s 
technology. A truss structure is used to hold solar cell blankets, and (in the 
case of the CR=2 concentrator) the blanket and two flat mirrors are positioned so 
that their surface is at an angle of 60 degrees with respect to the sun line , doubl- 
ing the solar blanket insolation. Several alternate truss approaches exist. Figure 
2-30 shows a deployable space truss beam utilized in a rectangular configuration 
over which rows of solar blankets are tensioned. 

An alternate, space-fabricated, composite truss, (Figure 2-31), can also be used 
to build up the rectangular structure, tension the blankets, and hold the mirrors. 

Figure 2-32 indicates the configuration to be studied for the radar satellite with 
the antenna installation splitting the planar array into two equal rectangular sec- 
tions. Figures 2-3,'* end 2-34 show the space construction configuration with the 
same type of split array, the differences being in the dimensions of the arrays 
and mass properties of the central construction module compared to the radar core 
antenna. 
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Fi^re 2-23a. Various Cell Technologies Will Be Possible. 
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2-25. Space Construction Planar Array. 
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Figure 2-26. Parabolic Trough Collector for 10 MW Mission. 
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gure 2-29. Space Construction Semi -Parabolic Concentrator/Heat Pipe 
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Figure 2-33. Space Construction Planar Array. 
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Figure 2-34. Mass Properties for Space Construction Facility. 
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In addition to the rectangi'^ar structiire. the hexagonal shape and construction 
approach developed during Contract F04701*77*C-0178 (DOD/STS On-Orbit As- 
sembly Concept Design Study) was examined for use as the structural backbone 
(Figure 2- 35). The system employs a center shaft to hold the solar blankets dur- 
ing shuttle orbital insertion. During deployment, the arrays are then spooled 
from the shaft by arms which extend and pull the blankets away Drom the center 
shaft (Figure 2-36). Six shuttle flights would be required to complete the space- 
craft deployment into LEO , and the spool shafts become a superfluous weight 
penalty of approximotely 6000 kg after deployment. Also, the star configuration 
is usable for planar blanket iq;>proach but not the linear (x2) concentrator. Be- 
cause of this added mass for the star system , it has been ruled out as a candidate 
for planar arrays in the multimegawatt range. 

In developing the planar configurations, it is apparent that consideration should 
have been given to the alternate material concepts for solar cells being developed 
for terrestrial application by various university and industrial groups for DCE . 
This approach was excluded at this time, for the following reasons: The only 
driver which will be influential in this approach is cost. Certainly risk, radiation 
sensitivity, LEO drag, and mass /volume are significantly increased. The viability 
of a 20-30 year life is extremely hard to evaluate. It does mean that risk would 
be significantly increased with little prospect for achieving significantly better. 
This does not mean the edge-defined film grown , dendritic web , or amorphous 
cells have been rejected. They will be considered as a part of Tasks 2.2.4 and 
2.2.5. 



SOLAR 

ARRAYS 


Figure 2-35. Ten Megawatt Planar Construction using On Orbit Assembly- 
Construction Approach. 
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2.2.3 LARGE TROUGH CONCENTRATORS . These designs use parabolic concen* 
trators modified to accommodate the basic missions (antennas or construction module 
added). The concentrator (shown in Figure 2-37) has a blanket of aluminized 
Mylar attached to a truss ftame which te parabolic when viewed from the end. To 
establish the mass properties and dimensions of the configuration for the two mis- 
sions (those specified by Figures 2-37 and 2-38) , the thermal impacts of the 
problem were first analyzed. 

2.2.4 THERMAL MANAGEMENT REQUIREMENTS . Multimegawatt photovoltaic space 
power systems will require tl^rmal management of the collected heat energy. Cool- 
ing and temperature control are required for the solar cells, the mission-specific 
payload eq\dpment, and subsystem equipment. Thermal management requirements 
for orbiting spacecraft equipment have been well studied and thoroughly docu- 
mented in the literature. The thermal analysis performed for this study therefore 
addresses only thermal management of the solar cells. 

Solar cells used in plmnar space solar arrays (without solar concentration) tend to 
operate near 60^C (140^F). The portion of absorbed solar energy not converted 
to electrical energy (approx. 8S%) is radiated back to space ftoro front and back 
sides of the array. Use of a high emittance coating on the array back side pro- 
vides sufficient cooling. Mo liquid cooling or other heat removal is required. 

It was initially assumed that fluid cooling is required for sola^ cells used in space 
solar concentration systems, at least for large paraboloids. The cooling system 
which removes heat hrom the cells and transports it to a radiator where it is radi- 
ated to space can be either a pumped fluid or a heat p4>e system. In both cases, 
the cooling liquid is required to be as close to the cell as possible to prevent ex- 
cessive cell temperatures. Effectiveness and limitations of each of the heat trans- 
port methods are discussed in the following sections. 

2.2. 4.1 Pumped Liquid Heat Removal . The parabolic concentrator system shown 
in Figure 2-39 is a representative applicaticm for a pumped coolant system and will 
be used as a basis for the following discussion. 

The coolant is pumped in parallel tubes across the solar cells in the short direction 
to minimize pressure drop and coolant temperature rise. The coolant then flows in 
larger manifolds along the long edge of the solar cells to the radiators at the end 
of the concentrator. Fluid routing is not defined beyond that described above. 

Evaluation of the pumped coolant approach will be based on the coolant -to-solar 
cell temperature difference, with emphasis on convective heat transfer at the 
coolant /tube wall interface. The latter analysis will investigate fluid velocities, 
convective heat transfer coefficients, and resulting temperature differences across 
the coolant convective boundary layer. 
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Figure 2-37. Radar Modificatkxia to Baaic Paratxdic Trough. 
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Figure 2-38. Space Construction Facility Utfliidng Large Parabolic Trou0i. 
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Figure 2*39. Parabolic Concentrator arlth Pumped Coolant System. 


2.2.4. 1.1 Heat Load Model . The spacecraft thermal model employed to determine 
the heat load on the pumped coolant system solar c^s is shown in Figure 2-40. 
The solar cell flux to be removed by the heat rejection system is r^ted to 
the concentration ratio, C^, by: 

Qrej - 1000 C^ Watts /M^ (Eq. 1) 

Qre] - 318 C, Btu/hr-ft^ (Eq. la) 


10% ABSORBED PARABOLIC 



Figure 2-40. Spacecraft Thermal Model for Pumped Coolant System. 
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2.2.4. 1.2 Coolant-to-8oUr-C«r L Temperturei . Th« portion of tho oonoontrotod 
solar energy absorbed by the solar oeUs which must be removed by the oooUng 
system will conduct .through the oell substrate an 1 tubing wall and be transferred 
across the fluid boundary layer (see Figure 2-41) . 



Heating of the sOlar cells by concetrated sOlar energy will establish t temperatures 
across the various layers of material according to the following: 

81 Units, AT in *C 


Solar cell substrate 

ATg* » 0.204 


Substrate adhesive 

ATgg * 0.107 Cr 

(Bq. 2) 

Copper tube wall 

AT(|f s 0.00516 Cj. 
Cr 

ATbl * 1003 


Fluid boundary layer 


Bn^ish Units, AT in ®F 
Solar cell substrate 

Cr 

AT *0.212-— 


Substrate adhesive 

ATgg* 0.192 C, 

(Bq. 2a) 

Copper tube wall 

AT^^ * 0.00828 Cji 


Fluid boundary layer 

ATb, » 318 ^ 



where: k * substrate material thermal conductivity » w/m-<*C (Btu/hr-ft-°F) 
h * coolant heat transfer coefficient, w/ro^-oc (Btu/hr-fl2-®F) 
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The wolar cells will reside at a temperature established by the coolant temperature 
plus the sum of the four L temperatures given above . The total solar-cell-to- 
coolant temperature difference is seen to be proportional to the concentration 
ratio, Cj,. A concentration ratio of 50:1 will be used here as an example for in- 
vestigating cell temperatures . 

Temperature difference acr.'ss the botindary layer, AT^j, is seen above to be in- 
versely proportional to the convective film heat transfer coefficient , h . The heat 
transfer coefficient for fully developed turbulent forced convection flow in a tube 
is given by the following equation : 


C u 0-33 

h = 0.023 ^ 0.8 (Eq. 3) 

u K 

where: h = heat transfer coefficient, w/m2-®C (Btu/hr-ft^-®?) 

k = coolant thermal conductivity, w/m-®C (Btu/hr-ft-®F) 
d - tube diameter, m (ft) 

V = coolant velocity, m/sec (ft /sec) 

coolant viscosity, kg/m-sec (Ib/ft-sec) 

0 = coolant density, kg/m^ (lb/ft3) 

Cp = coolant specific heat. Joule /kg- ®C (Btu/lb-®F) 

For a given tube diameter and coolant, the heat transfer coefficient is related to 
velocity by 

h = Kv°’® (Eq. 4) 


Earlier studies conducted at Convair (Reference 12) compared fourteen fluids fer 
heat transfer performance in pumped-coolant space-radiator systems. Water has 
by far the best performance, but because of its relatively high freezing tempera- 
ture is generally unsuitable for space radiators. Coolants Freon-21 (DuPont) and 
FC-75 (Minnesota Mining and Manufacturing) have about the same heat transfer 
coefficient and are next to water in performance. However, Freon-21 has an ex- 
cessively high vapor pressure at the temperature range foreseen in this applica- 
tion (e.g. 12.1 X 1Q5 N/m2 at 93®C or 175 psi at 200®F). FC-75 therefore appears 
to be the most suitable coolant. Its vapor pressure is less than 13.8 x 10^ N/m^ 
at 93®C (20 psi at 200®F). 

Using the properties of FC-75 and assutring a 1.9 cm (3/4 in) tube diameter. 
Equation 3 gives the relationship between velocity and heat transfer coefficient 
seen in Figure 2-42. 


In terms of heat flux , the A temperature across the convective film is given by : 


AT = 


Q/A 

h 


(Eq. 5) 


where: Q/A = heat fl\ix transferred into coolant, w/m2 (Btu/hr-ft^) 
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TUBE DIA- 1.9 CM (0, 
COOLAWT ■ 3M FC-78 


Figure 2-42. Ha«t Transfer Coefficient Versus Velocity for FC-75 


For a concentration ratio of 50. the heat flux to be removed is spproxiniately 50,200 
w/m2 (15.900 Btu/hr-ft^). This assumes a 10% loss by absorption at the primary 
reflector, a 3% loss by reflection at the solar cells, and electrical energy developed 
by a 17% cell efficiency, aU of which are removed before reaching the cell cooling 
system (Figure 2-40) . The resulting film A temperature is seen in Figure 2-43 as 
a function of heat transfer coefficient . 


HEAT TBANSFER COEFnCIENT, W/m 2-*C (Btu/Hr-Ft 




UWl 



y Vi 


Figure 2-t3. Temperature Difference Across Coolant Boundary Layer 
Versus Heat Transfer Coefficient. 
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From Figures 2-42 and 2-43, high heat transfer coefficients and correspondingly 
high velocities, 9.1 to 15 m/sec, (30 to 50 ft/sec) are seen to be required to bring 
the coolant boundary layer L temperature dovm even to the 50-80°C (90-144°F) 
range. This is seen as a critical limitation with the pumped coolant approach to 
cooling solar cells in a concentrator system. 

Since substrate material has not yet been defined for this analysis and candidate 
materials cover a range of k v^dues, the potential cell substrate A temperatures, 
dTsst also cover a range of values. The spread of ATgg values shown in Figure 
2-44 is representative of low-k semiconductors and is seen to be low compared to 
predicted coolant film A temperatures (typically over 55^C or lOO^F) . As an ex- 
ample. candidate substrate material Si02 has a thermal conductivity of 2.1 w/m-**C 
(1.2 Btu/hr-ft-®F) which results in ATga = 5®C (9®F). 


Figure 2-44. Solar Cell Substrate ATs for Typical Low-k Semiconductor. 


The solar cell substrate can be bonded to the cooling tube using an Ablestick 
preform adhesive (Ableform 506) which has a thermal conductivity of approximately 
0.80 w/m-®C (0.46 Btu/hr-ft-®F) . Required thickness is approximately 0.01 cm 
(0.004 in). The resxilting ATss-= 5.3®C (9.6®F) at a 50:1 concentration ratio. 


- _C1> 

^SUBSTRATE k, W/M-*C (Btu/hr-ft-*F) 


Copper tubing wall A temperatiire is only 0.25®C (0.45®F) for a thickness of 0.18 
cm (0.07 in) and a concentration ratio of 50:1. Thus, tubing wall ATs can be 
ignored in solar cell teroperatiire predictions. 
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The above discussion has shown that the coolant boundary layer AT makes up 
nearly all the coolant-to-solar-cell AT. It has also shown that the overall AT is 
proportional to concentration ratio, Cj.. Analysis to size the radiators required 
to reject the heat picked up by the flxdd in cooling the solar cells appears later 
in this report. 

2. 2. 4. 2 Heat Removal By Heat Pipes . Heat pipe use in a multimegawatt space 
power system is generally limited to applications where transport distances are 
considerably leas than the major dimensions of the spacecraft. A representative 
solar concentrator concept well suited to heat pipe use is that shown in Figure 
2-45. A version of y was, unknown the author at a much later date first sug- 
gested in Reference 13. 



The array consists of a number of small concentrating parabolic reflectors, 0.6m 
X 1.2m (2 ft X 4 ft) in cross-section, arranged in a plane. The primary reflector 
acts as a heat pipe radiator for the solar cells on the adjacent concentrator. For 
a 50:1 concentrator, the solar cell strip is approximately 2.5 cm (one inch) wide. 
The assumed heat pipe arrangement for removing heat from the cells and distribut- 
ing it to the heat pipe radiator is that shown in Figure 2-46. The heat pipe cross- 
section is representative only. Other designs, such as a wide hea+ pipe saddle, 
are possible and could restilt in a lighter weight. The following sections discuss 
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heat transport limitations, wick design, fluid s^eotion, thermal modeling, and 
solar cell-to-radiator temperature drops for this heat pipe application. 

2. 2. 4. 2.1 Heat Transport Limitations . Four limiting conditions have been identi- 
fied for heat pipe performance (Reference 14). That is, the heat pipe will con- 
tinue to operate under increasing heat loads until one of the following conditions 
occurs: sonic limitation, entrainment limitation, wicking limitation, or boiling 
limitation. The sonic limitation occurs when the working fluid vapor floviing to 
the condenser section reaches sonic velocity. The entrainment limitation occurs 
with excessiv^y high dynamic vapor pressure. In this case, some of the liquid 
in the wick-retum system is picked up and entrained in the vapor, which is 
flovvlng in the opposite direction. Wicking limitation is reached when the press^lre 
drop due to resistance of liquid and vi^r flows balances the capillary pumping 
pressure. Boiling limitation occurs when the heat flux into the evaporator section 
is great enou^ to cause nu<deate belling (bubbles) , which interferes with the 
liquid return. 




RADIATOR 


MATERIAL 


HEAT PIPE 


SPACING TBD 


R« 0.658 CM 
(0. 259 IN) 

Re 0.572 CM 
(0. 225 IN) 
RsOUsO CM 
(0. 189 IN) 


H — 0. 21 CM (0. 082 IN) 

' 0. 08 6 CM (0. 034 IN) 



0.658C 

-0.2591 


3. 05 CM 
(1. 20 IN) 


Figure 2-46. Heat Pipe Arrangement Assumed for Analysis. 
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For this application, the boiling limitation is the most likely of the four to be 
encountered because of the small solar cell (evaporator) area. The analysis, 
therefore, investigated the maximum flux the evaporator can accommodate without 
boiling, and the effects wicking design and fltiid selection have on this max flux. 
The wicking limitation is also a potential limiting condition, but was not analyzed 
in this study. 

Reference 14 has developed in equation for boiling limitation maximum heat rate 
into the evaporator section , and this equation is given below : 


2Tg Q (rj + ^g^5 

~ hfgpgTb (rj-Fg) J 


(Eq. 6) 


where : 


Qjjjax “ evaporator, watts (Btu/hr) 

Tg = vapor temperature, ®K (®R) 

a = liquid surface tension. Kg/m (Ib/ft) 

Kg = effective radial thermal conductivity of the liquid filled wick, 
w/m-°K (Btu/hr- ft- ®F) 

Zg = evaporator length, m (ft) 

rj = wick outer radius, m (ft) 

Tg = wick inner radius, m (ft) 

hfg = heat of vaporization of the working fluid joule /Kg (Btu/lb) 
pg vapor density, Kg/m^ (Ib/ft^) 

r^ = radius of wick capillary cavity where bubble originates, ft 

(taken to be 0.025 cm (0.01 inch) = C.5 x 10-4m (8.33 x lO"^ ft) 

J = conversion factor of 0.102m - Kg/jo jle (778 ft-lb/Btu) for 
correct units 


2 . 2 . 4 . 2 . 2 Wick Configuration . The effective radial thermal conductivity of the 
fluid- filled wick , K^ , is strongly dependent on the wick configuration . Equation 
7 gives effective thermal conductivity for parallel paths of fluid and wick material 
in an axial groove heat pipe. 

Ke = e Kf + (1 - e) K^ (Eq. 7) 

where: K£ = liquid thermal conductivity , w/m-^K (Btu/hr-ft-®F) 

K^ = wick material thermal conductivity, w/m-®K (Btu/hr-ft-®F) 
e = volume fraction of the liquid, dimensionless 

Equation 8 gives effective thermal conductivity for distributed cylinders, arranged 
to form a screen, surrounded by the fluid. 
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Kf [Kf + K,, - (1 - e) (Kf - K^)l 
^ “ [Kf + + (1 + e) (Kf - K„)l 




(Bq. 8) 


Effective thermal conductivities of 59 and 5.9 w/m-^K (40 and 3.4 Btu/hr-ft-^F) 
were calculated for axial groove and screen aluminum /water heat pipes* respec- 
tively. Because of the significantly higher conductivity, only axial groove heat 
pipes were considered from this point on. 

2. 2. 4. 2. 3 Fluid Selection . A number of potential heat pipe fluids were investi- 
gated and eliminated. Water freezes at too high a temperature. Methane liquid 
s\irface tension approaches zero at -84^ (-120**F) and is only usable at tempera- 
tures below this. 


Ammonia has a vapor pressure of 13.8 x 10^ N/m^ (200 psi) at 38^0 (lOO^F), 
which is excessively high. The Minnesota Mining and Manufacturing fluorocarbons 
FC-43, FC-7S, and FC-78 have acceptably low vapor pressures and freezing tem- 
peratures. They were compared for bofltog limitation performance; i.e., for 
maximum evaporator heat rate without boiling. 


Equation 6 was used to calculate boiling limit maximum heat rate (which was then 
converted to heat fltix and equivalent suns). At a gas temperature of 66^C (150°F)., 
the fluids FC-43, FC-7S, and FC-78 were found to accommodate heating equivalent 
to 47.6, 8.1, and 3.6 suns. For a 50:1 concentration ratio and typical system 
losses and efficiency, the leat pipe is required to remove heating approximately 
equal to 31 suns. FC-43 was, therefore, sheeted as a suitable working fluid. 

To determine how warm the evaporator temperature can be allowed to operate , 
Equation 6 was also used to determine FC-43 boiling limit heating at lOO^C (212<>F) 
and ISO^C (302<>F). Maximum fluxes corresponding to 38 suns (at 100°C) and 25 
suns (at 150°C) were calculated. The nature of the working fluid (FC-43) pro- 
perties causes the allowable heat flux entering the evaporator to decrease with 
increasing temperature. A concentrated solar flux of 31 suns coiild theoretically 
be accommodated at a heat pipe evaporator temperature of 127^C (260°F). How- 
ever, because of the uncertainty of r^^ (radius where bubble originates) in Equa- 
tion 6 and for a margin of safety, 100<*C (212^F) will be taken as the maximum 
allowable heat pipe evaporator temperature for this analysis . 

2. 2. 4. 2. 4 Solar Cell- to- Heat Pipe Temperature Drops . Maximum operating tem- 
perature of the solar cell is set by the maximum allowable evaporator temperature 
(100^) plus the cell-to-heat pipe temperature drops. Note that the solar cell 
operates at a greater efficiency at lower temperatures , but that this requires 
thicker radiation fin material between heat pipes and/or closer heat pipe spacing, 
both of which increase weight. Radiator fin sizing and heat pipe spacing are 
covered in Subsection 2.3. The design point for this analysis is based on the 
maximum allowable evaporator ten perature which results in the lightest weight 
per unit aperture area. 


1 
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The AT across the cell substrate is identical to that for the pumped coolant sys- 
tem described in Subsection 2. 2. 4.1. Values are typically 1 to 10°C (2 to 18^F), 
depending on the thermal conductivity of the substrate material (Figure 2-44). A 
cell substrate AT of S^C (9^F) is taken to be a typical value for this example. 
Similarly, the AT across the cell adhesive is also identical to that for the pumped 
coolant system. Bond line AT was shown to be 5.3^C (9.6®F) for an Ablestiek 
preform adhesive "Ableform 506." 


Radial temperature drop across the liquid filled evaporator wick is given by the 
following equation: 


where: 


Tg - Tg = Q (rj-Tg) / [vKe Ze (ri + rg)] (Eq. 9) 

Tg = temperature of heat pipe wall at evaporator, °C (<>F) 

Tg = temperature of fluid vapor at evaporator, (^F) 

Q = heat rate into the evaporator, watts (Btu/hr) 

r^ = inside radius of heat pipe wall = outside radius of wick, m (ft) 

r^ = radius of gas passageway = inside radius of wick, m (It) 

Ke = effective thermal conductivity of wick , w/m-®C (Btu/hr-ft-®F) 

Zq = length of evaporator, ro (ft) 


At a heat flux into the heat pipe evaporator of approximately 30 suns (for Cp s 
50:1), the above equation gives a A temperature across a typical axial groove 
wick of less than 1*C (2®F). Note that this AT compares to the 50-80®C (90-144®F) 
AT across a pumped coolant boundary layer as described in Subsection 2. 2. 4.1. 


Maximum allowable cell operating temperature based on the heat pipe evaporator 
boiling limitation is therefore 100 S 5 -f 1 s 111®C (232®F). 


The foregoing analysis indicates that it is possible to conceive of attainable designs 
— albeit massive ones -* which could be developed into modular concentrating sys- 
tems. 


During the Task III modularity studies, these approaches were refined further 
in an effort to minimize mass and cost . 

2.2.5 OPERATING OPTIONS . During Task I, the preliminary power system re- 
quirements for the 10-megawatt radar and 2.5 MW Space Construction Facility 
were synthesized. These preliminary requirements assumed that ion engines were 
utilized to accomplish GEO injection of the 10-MW Radar and LEO stationkeeping 
of the Space Construction Facility . During Task II , these requirements were 
synthesized more accurately , based on the data generated for array specific 
powers, energy storage specific energies, and based on possible power system 
topologies and power system to ion engine interfaces. These calcxilations continued 
to support the use of ion engines in both configurations, as described below. 
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2. 2. 5.1 Ion Engine OBO Orbital Transfer and LEO Orbital Stationkeeping . Be- 
cause by ground rules, this study concerned Itself with ntjltlmegawatt electrical 
power systems, the natural first choice for a system to provide the thrust for 
LBO to QEO transfer and LEO stationkeep is an electrical propulsion system. Both 
ion engine and MPD thrusters could have been considered, but, since the poten- 
tial efflcienoy of ion engine systems appears to be greater (Reference 15) , they 
were used as a study baseline. Later trades should be conducted to establish the 
quantified benefits and liabilities of an MPD approach. However, with ISPs of 
5,000 to 10,000 and efficiencies of 50%, even MPD systems seem to be beneficial 
compared to chemical propulskm, as discussed in the following section. 

2. 2. 5. 2 Ion Engine Projections . The projections of argon electrical ion engine 
propulsion technology have been described by Byers et al. (References 15 and 
17). In this study, their equations and results were used to develop the expected 
spacecraft performance for the two study missions. Particular results that af- 
fected the study were: 

a. Argon engines that have a diameter of 50 cm, efficiency of 0.75, ISP of 5,000 
at a net beam voltage of 900 VDC (Vg) appear feasible, and were used in 
system configuration dev^opment. 

b . Beam and discharge voltages were regulated by the receiving AC power sup- 
ply for the AC system, or by the DC regulator for the DC system. 

c . Thruster and giitbal mass was assumed to be 27 kg based on Figure 4 of 
Reference 6. 

2. 2. 5. 3 GEO Electrical Injection Calculations . Based on these projections, cal- 
culations were then made of the Argon propellants mass, thruster quantity, form, 
and cost of propellants transportation, and mass for the 10-MW space radar GEO 
orbit injection; total system mass was 141,000 kg, as shown in Table 2-6, which 
lists the breakdown of these mass properties. 

2. 2. 5. 4 Chemical Injection . A calculation of the mass of propellants required to 
inject the Space Radar into GEO orbit using chemical propulsion was also made. 

At ISPs of 450, the indicated total system mass would be about 443,000 kg, using 
a tank engine and electronics mass fraction of 0.12. Table 2-7 summarizes this 
data. 

The chemical system orbital trajectory was based on a nine-bum injection with a 
25-hour cocmt phase , as was developed in a study of low thrust OTV concepts for 
GEO injection (Reference 18) . 

For both the electrical and chemical systems, the cost to GEO orbit was also cal- 
culated, including the cost of money for the orbital transfer time, assuming a 
$1,000M spacecraft investment, $1, 000/kg shuttle transportation cost, and 15% 
interest rate. 
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Table 2-6. Mass Propertlea for the 10 Megawatt Radar ~ Electrical Ion Engine 
Propulaion Injection with an AC Power Management Syatem. 


10 Megawatt Solar Array — Small, modular, low-Ught-loss 
concentrator 

55,000 

Radar Membrane Array — Orientation drive and electronics 

7,000 

Power Management System 

52,000 

Argon Ion Engines and Gimbals, at a 5,000 ISP, Vg « 900 
VDC, SO cm diameter, 108 thrusters 8 27 Kg each 

3,000 

Storage /Tankage /Structure /Miscellaneous 

8,000 

Subtotal 

125,000 

Argon Propellant Mass 

16,000 


141,000 

Trip time 


30 days with continuous thrust , more likely 60 days 
with intermittent thrusting and extra velocity to be 
gained. 


Total Cost to Orbit plus Money Cost 

« $200 M 


Table 2-7. Maas Properties for the 10 Megawatt Radar — 
Chemical Propulsion Injection. 


10 Megawatt Solar Array — Small, modular, low-light-loss 

55,000 Kg 

concentrator 


Radar Membrane Array — Orientation drive and electronics 

7,000 Kg 

AC Power Management System or DC /DC Power Management 

40,000 Kg 

Emergency Storage /Electronics 

2,000 Kg 

Electronics, Engine /Tank Mass at 0.12 Mass Fraction 

36,000 Kg 

Subtotal 

140,000 Kg 

Propellant Mass at 450 ISP (Hydrogen /Oxygen, 1990s 

303,000 Kg 

projection) 


Total 

443,000 Kg 

Trip Time 

6 days 

Total Cost to Orbit plus Money Cost 

$440 M 


The data shown in the tables clearly indicates the benefits of electrical propulsion 
for the lO-MW Radar Mission. 
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2. 2. 5. 5 LEO Space Conatructton Facfltty . Th« Space Construction Facility re- 
quires engines to maintain it in low earth orbit against the drag forces caused by 

the reaction between the upper atmosphere and the large planar arrays* which [ 

it would be fabricating and assembling in space. To minimize gravity gradient i 

effects, the large space structure under construction would probably be assem- ! 

bled outward from the bottom of the spacecraft (towards the earth). Since the 
majority of the mass of the system wculd come from the array under construction, 
crew quarters , and construction materiala to counteract the drag forces should 
be located where they can thrust the spacecraft away from the earth's horiaontal 
plane. By locating them on two truss frames as shown in Figure 2-47, the thrust 
vector can be kept along the center of gravity of the composite system of arrays 
and spacecraft modular components . Because these components comprise the 
major mass, it is assumed that, for this facility, if electrical propulsion station- 
keeping is utilized, all the engine power will transverse through the rotary Joint. 

Based on this conceptual design , calculations of the benefits and liabilities of 
electrical and chemical stationkeeping were made. 

2. 2. 5. 6 Stattonkeeping for the Space Construction Facility using Chemical or 
Electrica l Stationkeeping Engines . As discussed in Subsection 2.1, large solar 
arrays in the megawatt class will have a significant amount of drag that could 
cause their premature reentry before they have been transported out of low earth 
orbit to GEO synchronous orbit. To provide a stationkeeping acceleration, either 
chemical or electrical propulsion could be employed . Calculations were made of the 
amount of propellants and the cost of transporting the propellants to LEO using 
the shuttle for both chemical and electrical propulsion systems. The mass pro- 
perties of the combined Space Construction Facility and 10-MW radar given in 
Table 2-6 were used to compute both the drag of the combiried system and the 
propellant mass and transportation cost. The velocity loss caused by drag was 
decreased to 0.2 meter /sec /orbit because of the increased total mass of the en- 
tire system. 

2. 2. 5. 7 Chemical Propulsion Versus Electrical Propulsion . For the chemical sys- 
tem, a hydrazine ISP of 235 was assumed to be the mtaimum possible value that 
might be obtained. Tank and engine mass fractions of 0.12 were again used. 

2. 2. 5. 8 Electrical Propulsion . For electrical propulsion, the characteristics of 
the argon ion engine system were assumed to be identical to those described in 
Subsection 2. 2. 5. 2, namely: 

a. Argon engines that have a diameter of $0 cm, efficiency of 0.75, ISP of 5,000 
at a net beam voltage of 900 VDC (V^) appears feasible and were used in 
system configuration development. 

b. Beam and discharge voltages were regulated by the receiving AC power sup- 
ply for the AC system or by a DC regulator for the DC system. 

c. Thruster and gimbal masa characteristics can be predicted from Figure 
of Reference 16. 
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THRUST 

DIRECTION 


BASELINE 
PLANAR 
ARRAY 


LEO 

STATION 

KEEPING 

ION 

ENGINES 



• DRAG ANALYSIS ESTABLISHED 
THAT CHEMICAL STATIONKEEPING 

COULD REQUIRE UP TO 2 X 10^ KG 
OF PROPELLANTS FOR 20-YEAR 
LIFE. 

• ELECTRICAL PROPULSION 
EQUIVALENT MASS - 100.000 KG 

NOTE: PROVIDES CONTINUOUS ION 

STATIONKEEPING. FINAL TRADES 
MAY SUBSTITUTE MORE ENGINES 
(OFF IN THE SHADE). AND REDUCE 
STORAGE TO 02 MW HR 


SUPPORT TRUSSES ' 


1.0 MW AVERAGE POWER 

• 250 KW FOR SCF MODULES 

• 750 KW FOR DRAG COMPENSATION 
2.35 MW ARRAY 

0.7 MW HR ENERGY STORAGE 


264 770 3 


Figure 2-47. LEO Mission Concept Space Construction Facility. 


Based on these projections and estimates, the propellant masses and transporta- 
tion costs at $1. 000/kg shown in Table 2-7 were calculated, projecting ion engine 
system costs of $13, 500/kg for electri al systems (Reference 19) and hydrazine 
engine costs of $12,000 per 6*pound thruster. 

The conclusions reached from these updated calculations were that ion engine 
propulsion paid for itself in about 6 months and thereafter was less costly. There- 
fore, the power system structuring was accomplished using ion engine electrical 
propulsion requirements for both missions. 
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2.2.6 GEOSYNCHRONOUS OPERATIONAL MODES . Figure 2-48 shows ths three 
possible geosynchronous opersti<msl inodes. One mode is the normsl mode used 
by geosynchronous satellites today. In this mode, the satellite rotates in the 
equatorial plane of the earth. A second possible mode is to drive the satellite 
with the tone engine systems so the sat^ite itself maintains sun synchronism. 

The effectiveness of this approach depends on the ultimate ISP of the ion engine 
system developed. For a system with an ISP of 3000 » 15,000 kilograms per year 
of propellants would be required. However, if ISPs can be increased, perhiq>s 
this propellant usage would go down, and the sun-synchronous approach becomes 
more benefieial. Note that in this sun-synchronous mode, the satellite is actually 
inclined enouf^ flrom the equatorial plane to avoid the shadow of the earth. The 
third operational mode involves simply ttie spaced apart placement of the two 
satellites, and the acceptance of the midnight power outage during the time inter- 
val when utillsatton on the earth has become significantly less. 

2.2.7 OPERATING OPTIONS - PLANAR SILICON ARRAYS . There are several 
possible operating options that are reasonable alternatives to consider for the 
LEO and GEO spacecraft. 



e ENERGY STORAGE DOUBLES INITIAL 
MASS - 120, OM KGA 

e DOUBLES TRANSFER TIME 

e ENERGY STORAGE LIFETIME OF 10 YEARS 
MAKES THE TWO CONCEPTS ABOUT 
EQUIVALENT 


e REQUIRES HALF THE TOTAL MASS 

e USES INJECTION ION ENGINES FOR 
THEIR REMAINING LIFE (IF 15,000 
HR LIFE, THEY SHOULD LAST 20 YEARS) 

e REQUIRES 7,500 KG/YEAR PflOPELUNTS 

264.770-3 


Figure 2-48. Three Geosynchronous Operational Modes are Feasible. 
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T)m study did not sttsnipt to partioularly optimiw tho thioknoM of tho oovortlldot 
to be employed vereua ooat versus rsdistion degrsdstton over time. The rstionsle 
was simply that these factors will depend on economic factors prevailing at the 
time of the decision, such as discounted rates of return, oost of money, and oost 
of the ton engines. Instead, a QBO baseline with 0.15mm ooverSlides was used 
for comparison purposes. This repressnts the transit time from LBO to QBO and 
was based on using the fUU 10-megawstt output capability of the array to drive 
the 104 ton engines, but only with a duty cycle of 10% of the orbital time, i.e., 
the trip time used by Byers, et.al., in Referencs 17 was increased one order of 
magnitude, to calculate the proton radiation exposxire that was then averaged, 
baaed on the data ftom Table 2-8 (Reference 20) to be 2 x it)18 «quivalent 1 MBV 
electrons per irear. This dosages res\ilts in the efficiency chain loss of about 
58%, as shown in Figures 2-49 and 2-50. The reader is cautioned that this esti- 
mate may be somewhat pessimistic, later trajectory studies aiay decrease exposure 
time. It could also be optimistic, i« ISPs 5000 seconds are not achieved. None- 
theless, such a severe degradation would make today's silioon technology less 
attractive. On the other hand, for the LBO misston, without this esqitosure, the 
silicon blankets are significantly more attractive. 

2. 2. 8. 1.1 Cost of the Baseline Planar Array . The cost of the baseline planar 

array was estimsted using conservative factors. The intent was to cmsider the 
alternative m>proaches and evaluate them against a baseline whose oost attain- i 

ability is not in question. 

I 

Today's space solar arrays typiesUy cost $300 to $500 per watt. Costing studies 
of the arrays reveal these costs are split roughly 50-50 between the cost of the 
solar cells themselves and the cost of the cover slides, blanket, module assembly, 
and assembly end test. The solar cells, made of single crystsl sl^on, ere cur- 
rently becoming available terrestrially at $8 to $14 per watt. Even when the cost 
of space requirements (such as weldability, wraparound cmitacts and awre string- 
ent quality) are added, the cost should be $20 to $50 per watt for reasonable 
volume, therefore, an optimistic $20 per wstt will be used for the cell. This cost 
will be doubled to include the cost of cell assembly on the blanket. Total cost will 
be raised to $40 per watt . 

2.2.8. 1.2 Alternative Planar Array Configurations . Several alternate planar 
array configurations were considered in addition to the baseline: 

a. Lower efficiency, low-cost silicon approaches 

b. Planar and CR«2 Gallium Arsenide configurations 

c. Encapsulsted blanket approaches 

d. Honeycomb panel arrays 

e. Multibar.d planar CRb 2 arrays 
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1-50. Efficiency Chains GEO Planar Array. 
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The altematives were scoped to provide a selection of possible configurations 
from the baseline UiJ to relatively higher risk options. Some are theoretical only 
(multi-bandgap cells for example) and have not been demonstrated yet in the 
laboratory . 

2. 2. 8. 1.3 Advanced Silicon Technologies . The DOE/JPL Low Cost Solar Array 
Program is developing silicon solar cell technology in several areas applicable to 
space usage. Ribbon cells, using EFG or dentritic webs promise lower cost. So 
do amorphous cells. These processes, as they will exist in 1990s, initially pro- 
duce either single crystal, polycrystaline , or amorphous wafers. With laser 

^chniques, the polycrystaline and amorphous wafers may be annealable into single 
.rystal surfaces. Since the 1985, DOE goals specify initiatives across the entire 
scope of this activity . This study assumes that the technology and cost of silicon 
cells will, by 1990, be driver to the point where the manufacture of cells can be 
accomplished for $0.5 /watt, plus space requirements and standards, that woiild 
raise the price to $5- $20 /watt. 

Transportation Costs for Advanced Silicon Cells . The silicon technologies con- 
sidered included alternatives that assumed that terrestrial laser annealing of cells 
will accomplish what will be alternatives ir< which the cells remain polycrystaline 
and amorphous. The baselr'ne array area would be increased to accommodate the 
lower efficiency cells. Less obvious is the effect of radiation on the life of such 
systems and how they could be "space qualified." 

For purposes of this study, the -issumption is made that "space qualification" will 
introduce cost of $35 /watt for the cells, just as in the case of the baseline and 
that the baseline and that the savings in cell cost of $157watt are offset by extra 
transportation costs of $5/watt and extra assembly and test costs of $20/m2 (the 
array is twice as large). 

The conclusion is that the decreased efficiency that would require increased flights 
and increased assembly costs will always cost more totally than the cell cost sav- 
ings . Note that this conclusion is only valid for lower efficiency cells . If laser 
annealed or largely single crystal ribbons can be fabricated, the distinction is 
lost, and these approaches should then be "spaced qualified". 

2.2.8. 1.4 Single Bandgap Gallium Arsenide . By the 1990s, single bandgap GaAlAs 
cells with efficiencies of 16% (air mass zero, 125®C) cotild reduce the area require- 
ments of the planar array blanket about 45%. 

Since Gallium Arsenide density using 50- urn cells adds 16% to the specific array 
mass , an extra 7% penalty is paid . This penalty is made up by the improved 
radiation performance of the Gallium Arsenide, which is assumed to be self anneal- 
ing, or reannea'able using heating circuits and, therefore, does not exhibit the 
approximately 6-7% loss caused by the 5- year radiation flux that degrades the 
silicon. (The 6-7% assume, silicon array supplements at 5-year intervals as dis- 
cussed in the operating options section). 
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Galium Arsenide Planar Array Mass . The Gallium Arsenide planar array mass has 
been estimated based on the same blanket and truss concept used for the silicon 
planar arrays. The cells themselves have a higher mass (129%) due to the 5.3 
gm/cm3 density of Gallium Arsenide, however, the cover slides are thinner, be* 
cause self annealing of the GaAiAs is assumed. The array design factor was also 
assumed to be 0.95; it accounts for intercell spacing for thermal expansion. 

2.2.8.1.S Low Concentration Ratio Gallium Arsenide Concentrators. A Gallium 
Arsenide concentration system with a concentration ratio of about two as proposed 
for one of the SPS prototype concepts is a viable planar t3rpe option. The mass 
of the system is slightly lower than the planar array mass, since the extra mass 
of trusses required to position the mylar mirrors is offset by the reduced blanket 
mass of one half of the number of solar cells . This discussion assiimes that the 
geometry of the array is as shown in Figure 2-51. Array design factor was as- 
sumed to be 0.9; the additional 0.05 is caused by temperattire mismatch power 
loss. Low radiation degradation is assumed (0.98), due to the self annealing 
characteristic of the Gallium Arsenide at 125<*C or at a slightly higher temperature 
with electronic annealing. 

The first order analysis of the area req\iired for Gallium Arsenide arrays indicates 
blanket areas of 47,000 and 23,500 m2 for CRs of 1 and 1.9 respectively. Because 
Gallium cost $40 /watt for 10 times the price of silicon, cells cost of $20 to $40/watt 
seems more reasonable for the 1-10 megawatt systems. This price accounts for 
the extra costs associated with space qualification and the yield loss. To keep 
the comparison with silicon consistent, $4,000/m^ is used for blanket assembly 
and test cost. 



Figure 2-51. CR=2 Geometry. 
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2. 2.8. 1.6 Planar Multi-Bandgap Arrays . Planar multi-bandgap arrays are con- 
figurable with the hypothetical multi-bandgap cells being investigated at Hughes 
Research, Varian, and several universities. Two alternates were considered; a 
variation of the baseline planar array and a low concentration (CR=2) linear trough 
similar to the SPS Gallium Arsenide alternate. The first order analysis of the 
configurations assumed that the planar array would operate at approximately 36°C 
in GEO and 60°C in LEO and the linear trough at approximately 12S°C in both 
orbits . The cells were assumed to be stacked with a series Vg,p at 28°C AMO of 
l.l-t-0.8 + 0.5 VDC. The temperature coefficient for the three series cells was 
included in the calculations provided by Varian Associates. (See Appendix C). 

The r'-^^iption environment was assumed to cause insignificant degradation; cir- 
cuit ; uing provided win self anneal briefly when the array has degraded 2 to 
3%. Cover slide density was a low 5.6 x io~3 gm/cm^ (2.6 x io~3 gm/cm3). 

With these assumptions, first order calculations for the GEO planar array would 
require 36,000 m* of area and have a mass of 61,200 kg. The cost of manufactur- 
ing multi-bandgap cells was assumed higher than silicon or Gallium Arsenide be- 
cause of the many process steps — and insentive to quantity reductions, which 
normally would occur because of increased yi^d . A value of $1007watt wfll re- 
main appropriate. Thus, cost benefits do not appear to be likely for this techno- 
logy; the drivers and benefits win more likely come from the fact that gain in 
performaixje may benefit SEPS or FETS type missions if a lower thickness cell can 
eventually be made. 

2.2.9 LARGE PARABOLIC TROUGHS . Task II evaluated large parabolic trough 
concentrators to see whether economies of scale could provide significant benefits. 
Figure 2-52 shows the configuration evaluated. Cross-members run the length 
of the trough to support aluminized Mylar which reflects incident insolation onto 
the solar cells which lie along the focal line of the trough . Radiators on both the 
far and near side radiate waste heat from the solar cells. The solar cells them- 
selves were actively cooled using fluid cooling loops . The basic problem associ- 
ated with the configuration turned out to be the mass of the radiators (refer to 
Subsection 2.2.12, Figure 2-64). Because of the requirements for micrometeoroid 
protection , they were large and relativ^y massive compared to concentrating and 
planar array approaches with smaller cell sizes apertures . 

2.2. 9.1 Hybrid Approaches . In an effort to try to establish whether reduced 
radiator size could be achieved, two configurations were evaluated that used the 
waste heat provided b)* the cooling system to drive Rankine turbine systems. 

Figure 2-53 is a graph of data provided by the Sunstrand Corporation for the 
' upscaling of their "KIPS’* Rankine Combined Rotating Unit Mass . This unit in- 
cludes the Turbine, Generator, and Condenser. From the data asemptote, a 
specific mass of 7 kg/kW was obtained and used for the hybrid system calcula- 
tions. The first hybrid provided solar cells on the primary target area as part 
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of the Mylar blanket . The solar cells themselves reflected waste heat because of 
blue-red filters on their front surface , and in this way the portion of the solar 
spectrum unused by the solar cells could provide heat to the txirbine system (see 
Figure 2-54 and Table 2-9). This heat was collected along the focal line of the 
parabola. In the second configuration, the mirror itself remained aluminized 
Mylar (see Figures 2-55 and 2-56). Cells at the secondary focal line simply ab- 
sorbed the entire spectrum, and an attempt was made to use the waste heat by 
driving a Rankine turbine. In both cases, the amount of radiator area required 
to radiate the waste heat, and its mass, offset the gains provided by the Rankine 
system turbine. 

2. 2. 9. 2 Paraboloids of Revolution . The fourth large-scale configuration con- 
sidered utilized a paraboloid of revolution to focus energy in three dimensions on 
the focus of the mirror system. It is shown in Figure 2-57. The system uses 
the thermophotovbltaic approach developed by Stanford University. The energy 
illuminates a 2,100^ Kelvin absorber that then reradiates energy at its black body 
temperature to a surrounding group of silicon solar cells. Because the energy of 
illuminaaon peaks near the bandgap of the silicon cells , the system may have very 
high efficiencies , when it is compared with normal silioon cells up-radiated with 
the normal solar spectrum. Nonetheless, there is considerable waste heat required 
to be dissipated from the silicon cells during the operation of the system , and 
this makes for large massive radiators just as in the case of the parabolic trough 
concentrators . In addition , the 2 , 100^ Kdvin illuminator has some concerns as- 
sociated with its life . This is because the tungsten absorber element involved 
has a lifetime that has been estimated by various researchers at from 7-10 years 
(Reference 21). Another concern is whether the pointing angle error might cause 
destruction of the truss assembly holding the illuminator and cell assembly. The 
problem is that this significant amount of energy might actually cause the supports 
to melt. This is not true of other concentrating configurations considered, be- 
cause the concentration ratio is not as high as the concentration ratio of about 
2,000 required for the large thermophotovoltaic concentrator. Figure 2-58 shows 
the efficiency chain projected for the thermophotovoltaic concentrator. Notice 
that the specific power is relatively high, but that ultimate costs will probably be 
affected by the significantly higher risk. 

2.2.10 MODULAR TROUGH CONCENTRATORS . The most effective approach 
developed during T'lsks II and III was a small, low-light-Ioss parabolic louver 
concentrator. As defined diiring Task III, this approach used a series of para- 
bolic louvers to reflect sunlight to a single-band, dual-band, or multi-bandgap 
cell configuration (Figure 2-59). The benefits of this concept over others con- 
sidered were : 

a. The concentration ratio of between 30 and 100 permitted a reduction in total 
solar cell area and its attendant cost reduction , while at t^ie same time en- 
abling a cell operating temperature of between 90 and 100°C , with a reason- 
able specific power (250 W/kg) when constructed from mirror whose thickness 
is between 0.25 and 0.5mm (10 to 20 mils). 
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Figure 2-54, Hybrid Concentrator - Efficiency Chain. 







Table 2-9. Mass Properties, Hybrid Concentrator. 
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:-57. Advanced Goal (50% Efficient) Photovoltaic Array. 

























Figure 2-59. Small. Modular Trough Assembly. 
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b . Geometrically , the system shotild show low aperture light loss . Since there 
are no Cassegrainian secondary reflectors, tne aperture blockage and absorp- 
tion losses in Cassegrainian designs are avoided. From a constructability 
viewpoint , the mirror radiator louvers are modxilarizable , can be assembled 

in space using a supporting truss structure, and are self supporting — less 
extra structure is required to hold them aligned. 

* 

c. Inherent shielding from natural radiation. The 20-mil thick trough louver to 
which the solar cell substrate is attached, along with the substrate itself, 
should provide up to an average of between 0.75 and 1mm (30 and 40 mils) 
shielding on the backside of each solar cell. The sides of the cells are shielded 
by the reflectors, which provide a minimum of 0.2Smm (10 mils) shielding. 
Coverslides could increase this front surface shielding. 

The recommended mini-trough design has an additional benefit — one that involves 
how it is pointed to receive the solar insolations. 

2.2.10.1 Concentrator Pointing Strategies . The geometrical design of a concen- 
trating solar array must be compatible with the spacecraft orbital geometry and its 
overall relationship to the ecliptic plane and the direction of the sun . Since this 
geometry changes with the seasons, the approach to the overall design should be 
compatible with this seasonal change. Figure 2-60 shows the relationship of the 
sun to the earth during winter. For a spacecraft with a rotary solar array joint 
in GEO or LEO , three options are possible that could accommodate the geometrical 
variations, there are: 

a. Option 1 — A single rotary joint can be utilized, with its axis (the spacecraft 
pitch axis) oriented normal to the plane of the orbit. Then, as the spacecraft 
rotates , the array counter-rotation in the opposite direction just compensates 
for this , and the array remains facing the sun . Depending on the season , 

it will be from the direction of the sun by an angle of from 0 degrees (during 
the spring and autumn equinoxes) to up to 23.5 for GEO in J\ily and Decem- 
ber). In July and December, the tut angle of 23.5 degrees causes the effec- 
tive insolation incident upon the array plane to be decreased by cos 23.5 (8%). 
This loss is compensated for by the fact that problems associated with the 
other two strategies are avoided. The control and coordinate strategy of 
many three axis stabilized satellites launched today — specifically, FLTSATCOM, 
Intelsat V, RCA SATCOMS, Communication Technology Satellite, and European 
OTS, utilize this single rotary joint approach. 

b. Option 2 — The array can be designed with two gimbals and two rotary joints 
so that as the seasons change , the second compensates for the change in tilt 
angle . This strategy has obvious mass penalties , momentum interaction 
penalties, and reliability disadvantages (extra rotary joint). 

c. Option 3 — The spacecraft can be aligned so that its single rotary joint axis 
is aligned normal to the plane of the ecliptic. 



Figure 2 - 60 . Orbital Geometry. 
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The penalties associated with this option are that one of the benefits of geo* 
synchronous orbits is that the shifting antenna pointing over the orbit can be 
avoided. It is desirable to evoid extra antenna gimbals, and their momentum/ 
angle interactions /rotary joints, etc. Further, this option requires that the 
total angular momentum vector must be adjusted so that it is normal to the plane 
( f the orbit; therefore, extra momentum storage is required. 

For LEO orbits inclined at 28 degrees, the same alternative strategies can be 
considered. Namely, they are: 

a. Two gimbcds 

b. One gimbal, sun pointing 

c. One gimbal, earth pointing (see Figure 2-60) 

The two gimbal systems have the same penalties at LEO that they have at GEO — 
extra mass and momentum interactions, which are desirable. 

Of the single-gimbal systems, an earth-pointing spacecraft system has advantages, 
since gravity gradients remain constant, and, if the larger masses hang down 
from the array (toward the earth), the system is neutrally stabilized. 

Since an infinite number of 28 degrees inclinations are possible , the 28 degrees 
inclination closest to the ecliptic should be considered first . This constrains the 
launch time but does not impact performance. It also suggests a 4.5 degree 
pointing angle (28-23.5 degrees) tolerance along the array axis is desirable. 

Now, consider the mini-trough geometry. If the single rotary joint axis is aligned 
along the trough axis, as shown in Figure 2-59, and the axis of the rotary joint 
is aligned normal to the orbital plane, the rotary joint can keep the array properly 
pointed as the spacecraft orbits, even if the body of the spacecraft points toward 
the earth. The LEO ±4. 5-degree pointing error and GEO ±23-degrees pointing 
error will cause the light to fall on different cells along the trough, with losses 
due to edge loss, defocusing, and non-normal (cosine) pointing. Since these 
should be less than 10%, the mini-trough accommodates these pointing errors with 
only one gimbal, without the extra mass of two gimbals and without constraining 
the spacecraft pointing. Both the GEO and LEO systems can work the same sim- 
ple fashion utilized by today's single-gimbal axis spacecraft. 

2.2.11 EFFICIENCY CHAINS . The efficiency chains shown in Figures 2-61 to 
2-64 were developed to document the calculations for the preceding configurations. 

They include seasonal variation caused by the cosine loss resulting from the 
orbital plane and by variation of insolation at aphelion, all efficiencies at the ex- 
pected operating temperatiires, and degradation and array design factors. 

The chains indicate the expected result two-cell and multi-band configurations 
will out perform (have higher efficiencies) single-cell configurations, and calcula- 
tions of truss, blanket heat radiator /mirror mass for the geometries. 
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Fiirure 2-61. Efficiency Chains - LEO Planar Array. 
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Figure 2-63. Efficiency Chain - LEO Concentrators 































QDC/AST 81-019 



2-92 



GDC/AST 81-019 


These charts indicate that the most attractive configurations for GEO radar are 
based on then Gallium Arsenide technology, followed by silicon planar arrays, 
followed by concentrators . Although concentrators were heavy for this Task II 
analysis, later modularity studies in Task III provided versions with almost the 
same mass as silicon for the GEO mission. 

2.2.12 MASS PROPERTIES . Figures 2-65 to 2-68 show the results of geometrical 
analysis of the preceding configurations, and calculations of truss, blanket heat 
radiator /mirror mass for the geometries. 

2.2.13 COSTS . Figures 2-69 and 2-70 provide cost estimate data for the three 
power generation options. They show that the cost of concentrators is lowest. 
This is a signlAcant driver when a new mission, such as the radar, is being 
developed. If cost can't be lowered then some of the benefits which the nations 
should be reaping from the space program win not be realized. 

2.2.14 ENERGY STORAGE . Three types of energy storage components were 
considered as possible concepts for meeting the LEO SCF energy storage require- 
ments — batteries, fuel cells, and flywheels (see Figure 2-71). Batteries with 
solid anode and cathode plate materials typically have limited cycle lives more 
suitable to higher orbits including GEO t^th fewer cycles , in 1^0 , they must be 
restocked at varying intervals. Fuel cells are less efficient, requiring more array 
area and larger radiators for waste heat rejection. Flywheels are efficient and 
very long life ; however , their specific energy is limited because the energy stored 
cannot exceed the elastic limit of the material or catastrophic failure occurs . Dur- 
ing Task II , the advantages of flywheels were significant enough to make them 
the initially recommended choice (Figure 2-72) . 

A review of this data, and consideration of the large penalties being psdd for 
transportation to orbit, led to the decision to investigate other high energy den- 
sity systems during tasks 111 a IV. They were: 

• Zfj 8^2 systems 

e Li MS systems - in particular LiFeS 2 
e NaS. 

2.2.15 10-MEGAWATT RADAR POWER SYSTEM SYNTHESIS . The 10 -megawatt 
radar system requires power conditioning for the ion engines which inject it into 
its GEO orbit and power conditioning on the radar array to convert the higher 
voltage power from the photovoltaic system to the voltages required by the radar 
module. Table 2-10 lists the components considered for use in the system. Two 
alternate component configurations were initially considered for the system. They 
were : 

a. An all DC system with power for the ion engine beam voltage and discharge 
currents provided by DC to DC regulators and radar power provided at the 
radar modules by a separate set of DC to DC converters. 
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.5 Megawatt Sizing Modular Concentrator (CR=S0) 
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Fi^re 2-68. 10 Megawatt Sising Modular Concentrator (CR=S0) 
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Figure 2-69. Comparison of Estimates for the Three Power Generation Options (10 MW Space Radar). 
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Filfure 2-72. Task II Comparison of Estimates for Alternative Storage Options. 


Table 2-10. Power Management Major Components Considered 
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Table 2-10. Power Management Major Components Considered (Continued) 
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b. A split inverter AC system with one set of DC /AC drivers that delivered AC 
to receivers at the radar low voltage system and with on array regulators for 
the ion engines. 

In a split AC system, described in Reference 22, the entire power system is de- 
signed as a single, distributed resonant converter. A multimodule unidirectional, 
four-quadrant coverter driving a resonant circuit, including the source and load 
transformers and power transmission buses, converts DC into high frequency AC 
(like the usual front half of any resonant DC-DC converter) . Unidirectional, 
four-quadrant converter modules are transformer-coupled to the transmission 
system at the load end to provide the loads with either DC or any frequency and 
format AC , depending on their individual requirements . (This end is equalent 
to the load-end half of a DC-DC converter.) A typical multiple- driver, multiple- 
receiver system is shown in Figure 2-73. 

Notice that the rotary transformer not <mly provides frictionless power transfer 
across the array rotary joint but also serves as the load inductance of the AC re- 
sonant converter. Rotary transformer efficiencies of 0.98 were projected, although 
data was sparse. For example, air g(^ losses for alternators are only briefly 
mentioned in standard textbooks . Apparently they were ignored quantitatively 
because they were not significant compared to other losses. 

Review of these configurations revealed several alternate topologies which would 
be considered as a part of modularization activities during the next study phase . 
They were ; 

a. Consideration of the topology of Figure 2-74 for the AC system. In this 
topology, a single set of AC drivers drives both the ion engine regulators 
and the radar power supply modules for the 10-megawatt radar . Advantages 
appeared to be lower mass for the ion engine power conditioning portion of 
the circuitry. 

b. Consideration of wing topology modularity levels compatible with on-array 
electrical annealing of solar cells and with lowest possible mass and cost. 

c. Consideration of alternate array and transmission voltage levels. Higher 
array voltages (900V) will minimize transmission losses and may permit in- 
creased ion engine specifrc impulse, thus reducing propellant mass; but they 
are also less safe, susceptible to arcing, and, for the DC system, they in- 
crease LEO plasma losses. Of these issues, lethality is certainly one to be 
considered carefully; it is also difficult to evaluate. For this study, it was 
decided to consider both higher and lower distribution /array voltages , and 
estimate the increased mass cost of lower voltage approaches , along with the 
higher voltage alternate topologies. This task was accomplished in Task III. 
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LOAD MATRIX 

Figure 2-73. Typical Multi-Driver, Multi-Receiver System. 
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Figure 2-74. Hybrid Power Management and Control Block Diagram - GEO Radar System 
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2.3 TECHNOLOGY GOALS — SENSITIVITY TRADES AND ANALYSES 
Figure 2-7S shows how technology goals and benefits were developed. 



Figure 2*75. Technology Goals. 

Trades and sensitivity studies conducted to optimize the various concepts con- 
sidered in the evaluation included : Thermal management ; environmental inter- 
actions; constructability, storage, and assembly on orbit; safety; and modularity. 

2.3.1 THERMAL MANAGEMENT . The power generation, energy storage, and 
power management and control systems are all affected by the approach taken to 
their thermal management. 

2. 3. 1.1 Thermal Management for the Power Generation System . The power gen- 
eration options considered included planer arrays and concentrators as previously 
discussed. For the planer array cases, the study projected that no significant 
changes would be made in lowering the temperature of planer arrays beyond that 
experienced by today's planer arrays and initially projected during Task II. In 
particular, it was projected that the average emmisivity might run around 0.7 
(0.9 for the back surface and 0.4 for the front surface). As a result, the LEO 
array temperature is expected to be approximately 60*>C while the array is operat- 
ing in the sunlight , and the GEO temperature should average around 30°C during 
insolation periods. 

2.3. 1.2 Thermal Management System Sizing for Large Concentrators . Solar cell 
thermal management systems identified in Subsection 2.2 were analyzed to deter- 
mine pumped coolant radiator size, heat pipe spacing, and heat pipe radiator skin 
thickness. The following sections shown the extremely large pvunped coolant 
radiator sizes required , and describe the thermal and weight effects of varying 
pipe spacing and skin thicknesses of the heat pipe system. 
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2. 3. 1.2.1 Pumped Coolant Radiator Sizing . A method for sizing pumped coolant 
space radiators was developed at Convair in an earlier study (Reference 23) . 
The equations giving heat rejection per unit radiator area as a function of inlet . 
outlet, and environmental sink temperature is given below: 


Q/A =• 


2orifeT3 (Tj-Tq) 




In 


(Tj-TaHTo+Tg)]' 

(Ti+Ta)(To-Ta)J/ 


(£q. 10) 


where 

Q/A s heat rejection flux, watts/m^ (Btu/hr-ft^) 

a = Stefan-Boltzman constant, watts /m^ - (Btu/hr-ft^-®R^) 

Hf = radiator fin efficiency - actual heat rejection /heat rejection if the 
entire radiator fin temperature were that of the coolant at the Hn 
base = .90 

e ~ radiator surface emittance = .85 
Tg = sink temperature, ®K (®R) 

T| = inlet temperature, ®K (®R) 

Tq s outlet temperature, ®K (®R) 


Calculations to determine (a) the coolant temperature rise as it passes across the 
solar cells, and (b) radiator sink temperature for low-eairth and geosynchronous 
orbits (LEO and GEO), are required before proceeding with the radiator sizing 
equation . 


a. Coolant Temperature Rise — Coolant temperature increase is given by the ab- 
sorbed heat rate divided by the product of coolant mass flow rate (per unit 
area of solar cells) times specific heat : 


LT = 


Q/A 

WCp 


(Eq. 11) 


For a given velocity, the mass flow rate per unit area of solar cell will /ary 
with passage depth. Calculated fluid temperature rise is shown in Figure 
2-76. Coolant temperature rise is seen to be very small compared to the 
temperature difference across the boundary layer . A temperature rise of 
5.6®C (10®F) will be used in the radiator sizing calculations. 
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Figure 2-76. Variation of Coolant Ten^erature Riae with Pasaage Height 
and Velocity.. 


b. Sink Temperature — Radiator environmental aink temperature ia the tempera- 
ture the radiator would come to with no heat load on the fluid. Skin tempera- 
turea -59®C (-74®F) for LEO and -110®C (~167®F) for GEO were calculated, 
using the configuration of Figure 2-26 and the orbital average apace heating, 
view factor, and surface property aaaumptiona of Table 2-11. 

c. Radiator Sizing — Equation 10 was used to calciilate four heat rejection flux 
cases (two cell temperatures and two coolant velocities) at LEO and the same 
four cases at QEO. The two solar cell temperatiires analyzed are 200®C (392®F) 
and 125®C (257®F). The two coolant velocities are 3 and 15 m /sec (10 and SO 

ft /sec) with corresponding coolant boundary layer A temperatxires of 193®C 
(348®F) and 53®C (96®F). These assumptions result in coolant temperatures 
(radiator inlet temperatures) of 7®C (44®F) and 147®C (296®F) for 200®C solar 
cells and -68®C (91®F) and 72®C (161®F) for 12S®C solar cells. Calculated 
heat rejectionfluxes are siimmarized in Table 2-12. The hi^^est (best) heat 
rejection flux occurs at GEO (lower sink temperature) for the case of the 
highest coolant temperature (200®C cell and velocity = 15m /sec). 
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Table 2-11. Assumptions for Calculating Radiator Sink Temperatures. 

Solar heat flux « 1350 w/m^ (429 Btu/hr-ft^) 

Earth thermal heat flux « '.i37 w/m^ (75 B.'u/hr-ft^) 

Radiator direct solar heating (LEO and QEO) ■ aero 
Primary reflector earth heating during QEO * aero 
Primary reflector (both sides) view to earth during LEO, F » .40 
Radiator (one side) view to primary reflector, F « .35 
Radiator (both sides) view to earth during LEO, F * .40 
Primary reflector ftront surface: 

Solar absorbtance, » .19 
Emittance , ■: « .75 
Primary reflecfcr back surface: 

Emittance , e = .85 


Table 2-12. Summary of Radiator Heat Rejection Fluxes, W/m^ (Btu/hr-ft^) . 


LEO 


Cell Temp 
= 200®C 


Velocity » 3 m/sec 164 (52.1) 


Velocity = 15 m /sec 1224 (388) 


Cell Temp 
g 125*>C 

N/A* 

503 (159.5) 


GEO 

Cell Temp Cell Temp 
* 20QOC g 125^C 

226 (71.6) 42 (13.3) 

1278 (405) 565 (179.2) 


* Radiator inlet and outlet temps are below sink temp . 


To determine required radiator area, a 10-megawatt power output system was 
assumed . Cell efficiency dependence on temperature was assumed to follow 
the equation shown below: 

n * .17 - .002 X .17 (T - 28®C) (Eq. 12) 

where: T = cell temperature. ®C 

Calculated required heat rejection rates are 7.91 x iq 7 watts (2.70 x lo^ Btu/ 
hr) for 200®C cells and 6.27 x lo^ watts (2.14 x iqS Btu/hr) for 125®C ceUs. 
Required radiator areas are shown in Table 2-13. Note that both sides of the 
radiator would be used to achieve the areas shown . The areas are all so great 
that none of the cases investigated appears practical. 
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Table 2-13. Summary of Required Radiator Areaa, m^ 


Velocity * 3 m/aec 


Velocity * 15 m/aec 


Cell Temp 
« 200«»C 

4.81 X 10* 
(5.18 X 10*) 

8.47 X 10* 
(6.98 X 10*) 


Cell Temp 
. 126®C 


Cell Temp 
« 20QOC 

3.51 X 10* 
(3.78 X 10*) 

6.19 X 10* 

(8.66 * 10*) 


Cell Temp 
m 125®C 


6.19 « 10® 

X io6'4 


2. 3. 1.2. 2 Heat Pipe Spacing and Fin Thickneaa Siting . Heat pipe apacing and 
radiator fin thickneaa alxing are analyzed in thla aection for the apacecraft con- 
figuration ahovm in Figure 2-45 and heat pipe arrangement ahown in Figure 2-46. 
The apacecraft thermal model employed to determine the heat load on the radiator 
la anown in Figure 2-77. 
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Figure 2-77. Spacecraft Thermal Model for Heat Pipe System. 


The primary reilector will radiate to space all the heat conducted down the heat 
pipes from the adjacent concentrator plus the absorbed part of direct solar ir- 
radiation (assumed to be 10%) . 


A major objective of thla analysis is to define a heat rejection /primary reflector 
system which is weight /cost effective with planar arrays. The weight per unit 
aperture area of the concept ahown in Figure 2-46 is presented in Figure 2-78 as 
a function of aluminum sheet primary refl.iCtor thickneaa and heat pipe spacing. 
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Figure 2-78. Weight /Aperture Area as a Function of Sheet Reflector Thickness 
and Heat Pipe Spacing. 


The heat pipe cross-section is simular to that of existing heat pipes tested at 
Convair (Reference 12) and, as noted earlier, may not be the lightest weight de- 
sign. A system weighing in the range of 2 to 3 Kg/m^ is sought. 


The thermal effect of spreading out the heat pipes is twofold. First, the heat 
load per pipe increases. With the arrangement shovm in Figure 2-46, the evapora- 
tor area for heat transfer to the heat pipe increases with greater spacing, so the 
heat flux with respect to the ooiling limitation is not affected. However, the 
greater heat load per pipe does affect performance with respect to the wicking 
limitation, and this shovil.d be analyzed in any future studies. The second thermal 
effect of spreading out the heat pipes is an increase in best pipe temperature 
caused by the reduction in fin efficiency of the primary reflector. The distributed 
temperature in the fin (primary reflector) will attain a high enough level to radi- 
ate away all of the heat carried by the heat pipe. The less the fin efficiency, the 
greater is the temperature "sag" in the fir material. 


Heat pipe spacing of 10 to 25 cm (4 to 10 inches) were thermally analyzed. Tem- 
perature distribution in primary reflectors of .025 and .05 cm (.01 and .02 incnes) 
thickness were determined using the Convair Radiation /Convection Fin computer 
program P5399 (Reference 24). Example temperature distributions are illustrated 
in Figure 2-79. Greater sp*jcing causes the heat pipe (fin root) temperature to 
increase. It was determined in Subsection 2.2 that a heat pipe temperature of 
approximately lOO^C (212*’F) was the maximum allowable without surpassing the 
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Pig^ure 2-79, Primary Reflector Temperature Distribution as a Function 
of Heat Pipe Spacing. 


boiling limitation at the evaporator. Figure 2-80 summarizes heat pipe (fin root) 
temperatures for the cases analyzed. The two points indicated by footnotes in 
the figure are both under the maximum allowable temperat\ire . Primary reflectory 
heat pipe weights at these design points ure 3.6 and 4.0 kg/m^. 

2. 3. 1.3 Small Modular Concentrators . The thermal management of the small 
modular concentrators described in Subsection 2.2 was conducted using some of 
the same assumptions that had been made for planer arrays, namely, that the 
back surface of the concentrators would be painted black and have high emmisi- 
vity — 0.90 to 0.95. The front surface could use a reflective aluminum or silver 
upish overcoated with multilayer quarter- wavelength silicon of SiOx type material. 
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Figure 2-80. Heat Pipe Temperature as a F\inction of Heat Pipe Spacing 
and Reflector Thickness. 


These overcoats co\ild tune the front stirface so that it provided « liighly reflec- 
tive surface in the visible range usable by the solar cell, and a highly emmissive 
(E = .65 infrared surface). These type surfaces woxild be preferred to a more 
cost-effective teflon overcoating, because they can be made conductive by adding 
indium oxide sxirface layers in addition to the silicon dioxide layers. View factors 
to space are somewhat less for the small modular concentrators than for planer 
arrays because of geometrical shielding by the reflector sides. 

The two competing small concentrator configurations each partially block their 
own cooling black body radiation to deep space. The scope of this study did not 
permit a detailed analysis of this blockage. The two configurations can be com- 
pared cursorily with the following results. Both the small semiparaboUc trough 
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and the eggcrate geometries block about 35% of the radiated energy. Figure 2-81 
shows an estimate (made using a protractor) of three representative points and 
their approximate blockage. The blockage for the eggcrate could be reduced by 
eliminating the light cone, but then the design would become more pointing angle 
sensitive. Light prisms added to the trough design, on the other hand, do not 
appear to cause significant blockage. 

Thermal gradients of between 10 and 20 degrees centigrade from the cell proper 
to the radiator extreme edge were calculated. The Stephen Boltsman equation 
was used to calculate the temperature: which ran from 90 to 100 degrees centigrade. 

2. 3. 1.4 Energy Storage Components . The thermal management of the energy 
storage components was also assumed to be done passively for components mounted 
on the array. In previous studies accomplished for NASA, the modularity of these 
components had been driven up to achieve higher reliability. In this specific 
case, modularity levels for the energy storage component have been established 
to be approximately 10 to 25 kilowatt hours. At this level, passive thin-fin cooling 
is possible for the component, as long as view factors are not restricted unduly. 

It was projected that this could be accomplished. The density of the radiators 
involved would be approximately 3 kilograms per square meter. The thermal min - 
agement of the power generation and control system was also assumed to be done 
passively since these components would be modxilarized at the 25 kw level, and 
(since they are highly efHcient) very small amounts of power are radiated into 
space and wasted. 

2.3.2 ENVIRONMENTAL INTERACTIONS . The GEO Radar Illuminator and the 
LEO Space Construction Facility must be designed to survive the natural environ- 
ments that they will encounter on station. Since the radar will be assembled at 
LEO and transitioned by GEO , it must also survive the injection environment . 
Environment factors include: 

a. Natural Radiation 

b. Micro Meteoroid Particles 

c. Space Plasma and its losses/arcing susceptability 

d. Injection, stationkeeping, and docking G loads and vibration loads. 

The environments can affect power generation, energy storage, systems, and 
Power Management Systems. 

2. 3. 2.1 Power Generation — Environmental Effects . The degradation of solar 
cells as a result of exposure to natural electron and proton radiation has been 
described in the literature and is well understood, although more completely for 
silicon than for Gallium Arsenide. This study projects that silicon planar array 
degradation will not be significantly decreased by efforts now underway to identify 
and remove the causes of the imperfections which made silicon susceptible. The 
judgement was based on current literature (Reference 20) and, of course, is 
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susceptible to a technologry breakthrough. It is in keeping with the philosophy 
and ground rules of the study, which were; do not postulate the existence of 
any components or processes which had not been demonstrated, in principle, in 
the laboratory. In this regard, the more pessimistic view of silicon contrasts to 
the more optimistic view maintained for Gallium Aluminum Arsenide single-band 
cell annealing— which has some supporting data (References 25 and 26). 

Given the above projection for silicon, the environmental radiation effects on 
silicon blankets were then calculated based on Reference 8 projections, and they 
were included in the efficiency projections made for silicon. 

For the LEO Space Construction Facility, the effects of trapped particle radiation 
are small, since the 225 mile orbit is low. However, for the 20- year lifetime, 
there is a significant probability of a 1972 type solar flare occurring once per 
decade. This dosage coxild be as high as 4 x lO^O protons or 1.2 x \ jvjev 
equivalency— this dosage then causing a 9% drop in output (Reference 27) . Com- 
bined with a 2% drop in adhesive darkness: the overall loss could be 11% every 
10 years (Figure 2-82). 

For the GEO Radar Illuminator, the same flare activity and the higher trapped 
electron fluence combine to require additional silicon array modules added every 
five years . Also , as discussed under operating options , the LEO to GEO injec- 
tion causes severe degradation if slower electric propulsion is used. 

2. 3. 2. 1.1 Radiation Effects on Gallium Arsenide . In contrast to Silicon Planar 
Arrays, this study projects that Gallium Arsenide cells will be designed with the 
capability of being re- annealed to effect significant recoveries from radiation de- 
gradation, including that resulting from solar flares, should they occur. 

The currently proposed schemes for accomplishing this involve scanning the array 
with laser pulses (complex and possibly hazardous) or operating a concentrated 
array at u temperature high enough to result in continuous anneeding (accompanied 
by a continuous reduction of conversion efficiency) . 

This study assumes the array has on-array regulation and array modularization 
with accompanying switching. In these cases, it is possible to direct a large 
current through the photovoltaic cells by applying a voltage in excess of the open- 
circuit voltage. This technique could be used to periodically heat segments of 
the array to an annealing temperature by drawing current from other array seg- 
ments and dissipating it in the cells internal resistances. Accordingly — Gallium 
Arsenide Planar arrays were assumed to be electrically re-annealable — with re- 
covery from 90% of radiation degradation. 

2. 3. 2. 1.2 Radiation Effects on Concentrators . The development of concentrators 
offers some significant potential benefits as far as radiation damage is concerned. 
These occur because the solar cells area is smill compared to the mirror area, 
and therefore, thicker glass coverslides can be utilized to the front surface of 
they all. In the cases of the mini parabolic trough and mini cassegrainian 
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Figure 2-82. Efficiency Chains LEO Planar Array. 
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geometries, the cells are also protected by some thickness of mirror as well. The 
back surface of the cell is also protected by a thicker substrate /radiator surface. 
The net effect should be two orders of magnitude reduction in flux with a 5% 
power reduction over the 20-year lifetime, when the decreased dosage is combined 
with electrical annealing. 

When these effects are combined with the potential for on-array annealing of the 
Gallium Arsenide cells, utilized — concentrators show significant beneHts. 

2. 3.2. 1.3 Micro-Meteoroid Environmental Interaction . The effects of micro- 
meteoroids on Solar Array performance appear to be small, certainly smaller than 
radiation effects. This conclusion is based on the observed small amount of de- 
gradation which occurs in LEO. Other workers share this view, (Reference 28). 
On the other hand, the size and life of the solar arrays for multimegawatt systems 
will increase by three to four orders of magnitude over 1970 systems, and there 
is a significant likelihood of collisions with particles large engough to penetrate 
the thin cover slides of Planar Arrays and perhaps fracture the cell. A cursory 
analysis, based on coUison dynamics equations described in Appendix A of this 
report and on the meteoroid statistics in NASA SP-8013, suggests that up to 
8 X lO'^ collisions capable of coverslide penetration could occur over the 20 year 
life. Further evaluation is required in this area, should concentrators not be 
developed . 


2. 3. 2. 1.4 Micro-Meteoroid Effects on Concentrator Mirrors . Since the publica- 
tion of - ASA SP-8013, and experiment was conducted by NASA on the SERT II 
spacecraft in Polar Orbit (Reference 29). The temperature of highly polished 
aluminum was observed over a 5 year period, and found to vsmy insigniHcantly . 
Previous laborabory bombardment with particles in the 10“ gm mass range had 
indicated variation in thermal a/e tinder bombardment, the lack of temperature 
change over the 5 year orbit is interpreted to mean that micro-meteoroid damage 
is not appreciable. As a result, concentrator mirror performance should be pro- 
jected to show only minor mirror degradation over the 20 yestr life. A degradation 
value of 10 percent was used for the efficiency calculations. 

It should also be observed that because the cell area is only 1 to 3 per cell of the 
aperture (mirror) area, the incidence of cell damage from larger meteoroids should 
be one to three orders of magnitude less if the meteoroid environmental specifical 
is later increased back to the levels of NASA SP-8013. 

2. 3. 2. 1.5 Plasma Interactions . A body of literature exists which indicates that 
the space plasma interacts with the power generation and management system in 
several ways. They are: 

a. The plasma at GEO may indicate charge buildup on dieletric surfaces, and 
these may later discharge causing power system failures , and noise which 
adversely affects satellite performance. (Reference 30.) 
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b. The arrays may collect electrons and ions from the plasma, a shunting loss 
as far as the array is concerned. (Reference 30.) 

c. The plasma might support arcs from high voltage solar cell conductors to 
ground. 

2. 3. 2. 1.6 Dielectric Chargeup and Discharge . Data now exists which confirms 
charge buildup phenomena on dielectric surfaces. Based on this data, it is pro- 
jected that the best static discharge prevention approach for dielectric surfaces 
will be to conductively coat the surfaces to keep them close to ground potential, 
or at least close to the potential of their adjoining cell conductors, so that there 
is a relatively low impedance to ground. Any surface not inherently conductive 
would be coated or painted to make it conductive. As discussed previously, this 
is the reason for utilizing indium oxide overcoat on the reflector front surface 
and radiator surfaces evaluated by thi&. study. Conductive coatings and paints 
or anodized aluminum surfaces should be employed. 

2. 3. 2. 1.7 Plasma Losses . As array voltages become higher, it is expected that 
losses caused by plasma short circuiting of the array will increase , because plasma 
electrons will be captured. Cursory studies for partictilar geometries were con- 
ducted for past power system studies (Reference 30) . They indicated some loss 
for the two particular geometries considered. The losses are a function of array 
voltage lower voltages (100-200 Vdc) minimize plasma losses and higher voltages 
(900-1000) make them large and significant (5-10%), but not Insurmountable. 

The accurate prediction of these losses requires the use of software now under 
development by NASA, and even then is very dependent on the geometry of the 
spacecraft and the detailed array voltage distribution strategy. Eventually, this 
entire problem should be attacked and solved for spacecraft over several power 
ranges such as 10-100 KW 100-1 mW, and 1-10 MW, and with several potential 
likely mission configurations . The investigation should also consider alternate 
insulation voltage partitioning strategies , and their possible negation by micro- 
meteoroids, with subsequent increased arcing probability. 

a. Planar Arrays — Plasma Concepts Summarized . For the planar array, the 
front surface of the cells is at the potential defined by the cells. If the back 
surface is slightly conductive (an indium oxide overcoat or black paint with 
a sheet resistance of 1 kfJ/D) and if the paint is in contact with the cell con- 
ductors intermittently, the paint will represent a high impedance shunt across 
the cells . It should keept the array blanket from becoming charged and , at 
the Siune time, limit arcing and limit the shunt losses to 1% or less of the sys- 
tem rutput. Because the blanket is non-conducting, the initiation of arcing 
to the structure from the cell conductors requires a large voltage gradient, 
since the back surface is some distance from the truss supports. Therefore, 
it is projected that planar array can support the high voltage concept of this 
study, albeit with some plasma and conductive surface shunting losses. 
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b. Mini- Concentrators — Plasma Concepts Summarized . The min -concentrator 
can also be desig^^ed using many of these same concepts. The reflectors/ 
louvers can be insulated from the truss structure just as the planar array 
blanket is , so that they are close to the potential of the cells . If this approach 
works to prevent chargeup /discharge phenomena for planar arrays, it should 
work for the mini-concentrator as well. 

Arcing from the solar cell conductors to the reflectors could conceiveably 
short out sections of the array, except that by holding the voltages of the 
troughs to close to the solar cell values, the arcing should be no more likely 
than it is for todays honeycomb-backed arrays operating at the same voltages. 
Therefore , it is projected that mini-concentrators should be able to use high 
distribution voltages (using series-connected louvers) also with some plasma 
loss. 

2. 3. 2. 1.8 Launch Environmental Effects . The launch environment will affect the 
power generation approach, (either planar arrays or concentrators) the energy 
storage system components, and the power management component. 

The frame modules used to package and align the miniature troughs of the con- 
centrator system are shown in Figure 2-12. The 1.5-meter-long troughs should 
have quite a low natural frequency : excitation of the significant bending modes 
will probably come mostly from acoustic energy and shovild be handled easily by 
the structv re . A greater potential source of interaction wovdd be linear accelera- 
tion from the shuttle engines. If it were normal to the plane of the trough, it 
could be a problem . However , by packaging the array so that the troughs run 
longitudinally along the length (X-axis) of the shuttle cargo bay, the effect and 
interaction of this load is minimized. This packaging approach is viable, as long 
as it is included in cargo container baseline designs as they emerge. 

Planar array blankets can be rolled or folded so that they become a compact mass 
during launch phase . This compaction shoxild permit them to also tolerate the 
launch environment without penalties imposed on their design . 

As discussed in the section on storability, the launch environment should also be 
well tolerated by Energy storage, power management, and beam builder components 
and robotic machines. 

2. 3. 2. 2 Energy Storage and Power Management Components . The potential energy 
storage candidates , batteries , flywheels , fuel cells , and power electronics com- 
ponents are not known to be sensitive to the natural particular radiation environ- 
ment. or to plasma interactions, assuming the operating and power distribution 
voltages are selected so that losses are not excessive. Of course, their solid 
state control devices, if not shielded, may suffer some degradation, but good 
packaging should make these effects negligible. 

( 

1 
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Micro-meteoroids are another concern . The Fuel Cells , Electrolysis Storage Sys- 
tem, with its reactant tanks and gasses under pressure, could leak from one 
puncture if not protected. In fact, this study penalized the original suppliers 
projected mass estimates, so that extra shielding mass was included. 

Flywheels and batteries were not penalized. Instead, it was assumed that their 
casing and mechanical parts would not be as adversely affected, since cross 
actions are smaller and they are modxilar. All energy storage options were assumed 
to be capable of being designed to withstand the laiinch environment of the 
shuttle; in particular, sodium sulphur batteries can be launched frozen. 

The solid state component of the power management and control system should 
also be protected by careful packaging design, which will place them inside of 
thickness of their own and adjacent structural components, so that degradation 
caused by radiation and micro-meteoroids is minimized. 

2.3.3 STORAGE, DEVELOPMENT AND ASSEMBLY . The three types of miniature 
concentrator were all evaluated for their constructibility attributes, benefits, 
and efficiencies . The minitrough configuration has a line of solar cells which is 
easy to assemble using automatic machinery. The cells can be easily assembled, 
wiring to them can be easily accomplished, and an entire trough can be fabricated 
in one easy step. On the other hand, the other two square configurations may 
require hand wiring to interconnect the solar cells. Even if automated, the com- 
plexity of automation appears to be greater, since the sides of the "eggcrates** 
block the easy installation of wiring on the front side. Back- side wiring would 
require accesses to the cell through holes in the radiator, or separate mirror/ 
radiator structures , a potential weight penalty . 

Fabrication of the Planar Array blankets, with Silicon or Gallium Arsenide cells 
is under development for arrays such as the SEPS system and poses no particular 
technology problem. 

Likewise , storage of small modular concentrators and planar arrays , with their 
reqasonably high densities , should pose no known problems . On orbit , fabrica- 
tion of the arrays would make use of beams fabricated using the beam builder , 
while the attached space crane (a part of the space construction facility) would 
maneuver the beams into position, and either the crane or a robotic n<achine 
woiild place the array modules in their desired final position. The truss itself 
has dimension which can accommodate manned maneuvering, if the danger to the 
astronaut from meteoroids can be reduced to an acceptable level. 

Installation of Power Management and Energy Storage components could also be 
done robotically (by a robot maneuvering along and inside the beams) or manually. 

2.3.4 SAFETY . If the arrays and power system are to be designed to be modu- 
larly interconnected to provide 900-1000 volts, then the entire spacecraft under 
test will require safety caging or more elaborate safeguards to assure lethality 
risk is minimized. This issue will require careful consideration prior to the final 
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design decision of array voltage. In each case the benefit of the mass saved and 
corresponding transportation cost savings must be weighed against this risk. 

2.3.5 MODULARITY AND BENEFITS ANALYSIS . 

2. 3. 5.1 Power Generation — Mini- Concentrators Modularity . Modularity studies 
for three concentrator geometries were conducted in this portion of the study . 

The three types of concentrators were the minitrough, the mini-Cassegrainian 
dish, and a minitruncated pyramid (see Figure 2-83). The minicassegrain con- 
figuration and roinipyramid concentrator both utilized a 5 cm^ aperture. The 
geometrical performance of the three concentrators considered Is presented in the 
tabular data, which shows that both the minitrough and minipyramid have a fairly 
significant advantage in the amount of light received over the minicassegrain 
system. The advantage comes about because the Cassegrainian secondary re- 
flector reflects aperture light (which, in the other configuration, would pass 
through to the solar cells) while also absorbing aperture insolation. 

Table 2-14 shows the beginning of life performance for the three different mini- 
concentrators with three different cell types. The table also shows the effect of 
performance of having the mini-concentrators misaligned from the insolation vec- 
tor when only one gimbal is utilized. Here the advantages of the minitrough be- 
come more evident to the reader. For all but one of the LEO and GEO configura- 
tions and all of the three cell types, the minitrough provides greater output 
power.* Table 2-15 summarizes the performance of the small concentrators after 
their masses and the masses of their supporting hardware are estimated for the 
various cell configurations. The one gimbal minitrough appears to be the least 
massive system . 

Finally, cost estimates were made for all the configurations studied. Tables 2-16 
and 2-17 shows this data. The cost effectiveness of the minitrough configurations 
then becomes evident, it projects the lowest cost. 

2.3. 5.2 Energy Storage - Flywheels and Batteries . When the sensitivity trades 
and benefits analysis of the energy storage alternatives were completed, two 
technologies appeared to offer significant beneHts, Flywheels and sodium sulfur 
batteries (see Figure 2-84). The other two high energy systems, ZnBro and 

Li MS, wex*e not as attractive because of their lower specific energy. ZnBr2 
also requires pumps and fluid loops, and appears to be less efficient and less 
capable than the NaS alternative recommended. The LiMS approach does not have 
active loops but also has probable penalties due to low efficiency. Both of these 
systems hove a solid plate electrode, which is perhaps more vulnerable to life cycl- 
ing degradation than the liquid NaS system. 
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Figure 2-83. Geometrical Performance — 3 Mini- Concentrators. 
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Table 2*14. BOL Performance — Three Mini-Concentrators. 


ITEM 

MINITROUGH 

MINICASSEGRAINIAN 

MINI-PYRAMID 

Q^Ag SINGLE CELLS (1IX q AT S0‘C) 




TWO GIMBAL NORMALS. 
ONE GIMBAL 


1B2W/m2 

203 W/M^ 

LE0 5‘Z. 


0 

1B2 

GEO 23* Z. 

1B1 

0 

102 

TWO CELL (SANDWICH OR SPLIT SPECTRUM) 

^ ®A *8 “ ’>2 ® A *S ■ • 

TWO GIMBAL NORMAL 

2B0 

21S* 

202* 

ONE GIMBAL 




LEO VL 

2SB 

0 


CEO 23Y 

232 


■Hi 

MULTIBAND GAP - n- 2SX; CR - 6 




TWO GIMBAL NORMAL 
ONE GIMBAL 

31B 

2SI 

350 

LEO 6*^ 

314 

0 

320 

GEO 23*^ 

2S2 

0 

170 


’SANDWICH ONLY 


Table 2*15. Final Trades Support the Minitrough. 


ITEM 

MINI-TROUGH 

MINI-CASSEGRAIN 

MINI-PYRAMIO 

CELL AREA AS A PERCENTAGE 
OF APERTURE AREA 

CR-SO 

2S 

CR-SO • 125 
1-2% 

CR-S 

20% 

CELL COST - S/WATT 

ONE CELL (1BBS) 

TWO CELLS (1905) 
MULTIBANOGAP (19B0t) 

50S/W 
100 S/W 
10S/W 

SO S/W 
100 S/W 
10S/W 

S500/W 

S1000/W 

S100/W 

SECONO GIMBAL MASS WITH 
ATTITUOE CONTROL ANO EXTRA 
STRUCTURE 

10MWRAOAR 

2.5MWSCF 

10,000 K| 
2,500 K| 

10,000 K| 
2,500 K| 

10,000 K| 
12,500 K| 


The thermal analysis of radiator sizing for the alternatives, conducted during this 
phase of the program, was based on the estimated waste heat radiation required, 
and on the use of heat pipes /radiators /non -fluid /non *pump components which arc 
located directly adjacent to the energy storage modules radiator. Mass estimates 
were based on 3.2 Kg/M^, and on the Stefan Boltzan equation for the rejections 
temperatures specified in Table 2*18. 
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Table 2-16. Cost Comparison LEO Power Generation. 
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Table 2-17. 10 MW GEO Radar Maas aid Cost Estimates. 
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Table 2-18. Costs and Benefits of Alternative Ener^fy Storage Options. 

(2.5 MW SPACE CONSTRUCTION FACILITY) 

700 KW HR STORAGE (25% RESERVE CAPACITY) 


Storage Radiator Impact 


Radiator 

Component/ Rej. 



Energy Storage Option 

Option 

Ini. A 
Mass 
(kg) 

Initial 

Component 
Cost (SM) 

Initial 

Transporta- 
tion Cost 
($M) 

20YMf 
Raplac.- 
m«nt Cost 
($M) 

Projicted 

Life 

(Yr/OoD) 

Nickel Cadmium 

35.000 

6.3 

45.5 

155.4 

5/35% 

Present Sodium Sulfur 

7.000 

10.5 

9.1 

372.4 

1 

Long Life 15 Yr.) 
Sodium Sulfur 

7,000 

10.5 

9.1 

58.5 

5/35% 

Nickel Hydrogen 

23.000 

13.9 

30.0 

87.8 

7/35% 

Silver Hydrogen 

14.000 

19.5 

18.2 

722.0 

1/40% 

H 2 O 2 Fuel Cell 

11.500 

71.5 

15.0 

103.8* 

7*/75% 

Flywheels 

17.500 

18.6 

23.0 

5.0 

20/75% 



Incremental Array 


Impact 

Total System 


Option 

Nickel Cadmium 
Present Sodium Sulfur 

Long Life (5 Yr.) 
Sodium Sulfur 

Nickel Hydrogen 
Silver Hydrogen 
H 2 O 2 Fuel Cell 
Flywheels 


Expected 

Efficiency 

Size 

(kW) 

Cost 

(SM) 

Mess 9 
lOOW/kg 

Initial 

Cost 

($M) 

Initial 

Mass 

(kg) 

L.C. 

Cost 

L.C. 

Mass 

0.8 

820 

41.2 

8.200 

95 

44.000 

250 

150.000 

0.8 

820 

41.2 

8.200 

60 

15.000 

430 

148.000 

0.8 

820 

41.2 

8.200 

60 

15.000 

120 

36.000 

0.83 

790 

39.5 

7.200 

80 

31.000 

170 

77.000 

0.8 

820 

41.2 

8.200 

80 

23.000 

800 

289.000 

0.5 

1320 

66.0 

13.200 

160 

26.000 

260 

40 000 

0.85 

780 

39.0 

7.800 

85 

25.500 

90 

25.500 


Total System NOTE: 

Life cycle costs 
..C. L.C. and mass are for 



* Assumes 60% replacement of component (cost and weight) per 7 years. 
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GARRET FLYWHEEL 



Figure 2-84. Energy Storage — Flywheels and Sodium Sulfur Batteries Could 
Support 30,000 - 120,000 LEO Cycles over 20-Year Life 

During earlier studies of electronics modularity (Reference 31), the recommended 
level of modularity for advance power system components was between 8-20 
modules. This recommendation is based on the conclusions that: 

a. Low levels of modularity (from 2 or 3 up to 6 or 7) cost and weigh more, 
since the total system capability is significantly over- designed. For example, 
for a prime/backup 2-module configuration, the backup weighs and costs as 
much as the prime. 

b. Very high levels of modularity (100 plus 1 spare) are complex and require 
complex control, which itself may defeat the intended redundancy, and are 
therefore, more excessive and expensive than lower levels. 

At the recommended modularity level of around 10. the cost and mass of spare 
modules is only 10% or so of the total cost, and the system should be manageable. 
Based on this approach, the modularity of the Flywheels was established by 
partitioning the storage requirement into approximately 10 modules on the two 
array wirings, so that acceptable cost and reliability would result. At this 
modularity level, each module would have an energy storage of 75 KWHR. For 
multiple rim flywheels made from Kevlar*^ 49 (Reference 32 and Figure 2-84), the 
diameter of each flywheel was calculated to be slightly under 2 meters. This 
sizing is then compatible with shuttle payload bay geometry. 

Sodium Sulfur modularity sizing was based on preliminary sizing done by Hughes 
under study to the .Air Force (Reference 33). Again, a 25 KWHR moduhu*ity is 
feasible, three in parallel would provide a 75 KWHR module. 
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2. 3. 5. 3 Power Management System Modularity . The Power A/vanageinent and Con- 
trol System Preliminary Concepts developed during Task II of this contract were 
inherently modular initially conceived. During this portion of the task several 
modularity alternatives were examined to estimate their potential benefits. They 
were: 

a. A hybrid approach with DC ion engine beam power supplied directly from the 
photovoltaic array modules, and with DC /AC /DC converters for discharge 
power and user power. The Space Radar Illuminator Block Diagram was shown 
in Subsection 2.2, Figure 2-73. The Space Construction Facility Block Diagram 
is shown in Figure 2-85. 

b. An all AC system, with AC-AC-DC converter modules for the ion engine beam 
supply , using 10 or 20 KW modules compatible with the 50 CM 5000 ISP ion 
engines. 

c. A variation of this all AC system, with larger 250 KW modules. This level of 
modularity could save some mass and cost , since complexity might be decreased 
or fewer spares required. 

The results of this analysis activity were that the first approach with the 900 Vdc 
beam power supplied on array appears to be more attractive than the others, from 
a mass and cost standpoint. 

It should be emphasized that the safety issue associated with 100 Vdc power dis- 
tribution and array voltages must be resolved satisfactorily, and that the ion 
engines themselves must be able to accept delta regulation of the beam voltage 
(switched banks of solar cells) with a step size of approx. 10-20 volts. 

As described in Subsection 2.2, the Task II system synthesis considered AC smd 
DC power distribution and power components approaches. The AC distribution 
voltage was set at 1,000 Vac, the DC one at 750 volts based on a previous power 
management study activity (Reference 34). During Task III, the AC and DC 
approaches developed in Task II were amended to minimize system mass while at 
the same time providing a maintainable system. Alternate voltages were 

considered. 

A review of future ion engine concepts (Reference 35). indicates that the ion 
engine Screen Beam Supply consumes approximately 75% of the power delivered to 
the engine. During Task III, configurations for both the AC and DC system were 
considered which provide beam power directly from the solar array. Specifically, 
calculations of the argon ion engine beam voltage Vg, using the equations developed 
in Reference 9, showed that for a 50 cm, argon 5,000 Igp engine, V 3 was 900 Vdc. 
In Reference 36, it was shown that this power is used as the engine screen supply. 
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Figure 2-85. Hybrid Power Management and Control Block Diagram — LEO SCF System. 
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and must be isolated and, for the 30 cm Mercury engine, regulated to ±3%. For 
this study, it was assumed that: 

a. Beam current varies linearly with Vg: therefore, variations in array voltage 
and current ui'ive capability vary engine Igp and do not adversely affect ion 
engine performance , or , at the worst , require additional ion engine control 
strategies. This implies that the 3% requirement can be met switching in- 
array voltage modules of about 2.5% of the desired beam voltage. A group of 
four modules would provide 10% control. 

b. The solar cells on the photoboltaic array will be isolated and therefore can 
easily be connected to ion engine cathode and neutralizer cathodes without 
adverse effects on ion engine performance . 

c. Plasma interaction with the ion engine screen supply beam voltage will be 
acceptable, i.e., + DC frotr the array should directly provide the net accelerat- 
ing voltage of -t-900 Vdc for the ion engfines without significant arcing or losses. 
The solar cell array should probably have the potential characteristics shown 

in Figure 2-86. With these characteristics, the gru'Uents on the array do not 
have step functions but are as continuous as possible, minimizing arcing poten- 
tial. 

In Reference 22, Appendix 2, a postulated plasma potential for an insolated array 
was developed. It was noted that arcing probability was a function of geometry, 
array voltage, and dynamic plasma interactions. Analysis of the geometries of the 
arrays and plasmas dynamics for the multiple power systems and array configura- 
tions considered was outside of study scope. However, it should be noted that a 
900 V array gradient has a higher arcing risk because of increased potential gradi- 
ents betweenthe concentrator mirrol•^•i end solar cells and this may require acceptance 
of a lower voltage system with its mass penalties. 

Based on these assumptions, the remaining studies of optimum transmission volt- 
age, modularity levels, and safety were then carried out. 

2. 3. 5. 3.1 Safe and Minimum Loss Distribution Voltage . Three possible distribution 
voltage ranges were considered. A 900 Vdc level satisfies the need for a level 
compatible vrith the 5000 sec. Igp argon ion engine screen supply. It alsc reduced 
resistance transmission live losses. It raises safety questions: special conduits may 
be required. Very low voltages (30 volts) would permit simple DC regulators for 
such requirements as the ion engine discharge supply but have excessively high 
resistance losses. For example, the mass penalty of the optimal transmission line 
at 30 Vdc wf s calculated for the 10 megawatt radar to be 30,000 Kg for the dis- 
charge supply alone. This is too large to be viable. A medium voltage range 
between 250-350 volts appears to represent a middle ground. 
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Suggested Potential Distribution. 
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Therefore, the range of voltage levels considered for array power collection and 
power distribution purposes were 300 and 900 Vdc and 300 and 900 Vac. The 300 
volt DC and AC levels are presumed to be nonlethal when shrouded with "Romex" 
type protective sheath, have a low arc probability, and minimize plasma losses. 

However, they increase transmission line mass. 

The 900 volt level is presumed lethal and requires a conduit. This conclusion is 
one of the most judgemental in the study. If astronauts wear insulating and in- 
destructable gloves and if it could be concluded that no safety hazard exists be- 
cause of the high voltage , since lethality is shown to be more a function of current 
than voltage, then lethal current flow would not be possible through these gloves 
and the benefits of higher vcltage would be increased. However, after due con- 
sideration, it was decided that it is necessary that DC and AC systems in the 1 kV 
range of interest compatible with the 5000 sec. argon engine Igp require conduit 
shielding ; therefore , the mass of that conduiting around the transmission lines was 
added to the trade between the high and low voltage approaches. 

In developing the mass properties of the two systems, both 1 kv systems (ac and 
dc) were penalized by adding the mass of condviit to the total system weight . The 
dc configuration used 2 -inch -diameter conduit, 0.1-inch thick. The ac system, 
because of the hollow 2 -inch -diameter center conductor, used 4-inch- diameter 
conduit . 

Mass of the conduit for the dc systems is approximately the same as the mass 
which the return would have if the s 3 rtem did not emptoy a conduit. Specifically, 
each of the 108-Radar ion engines required 8 kg of center conductor and 8 kg of 
conduit, a total of about 1728 kg. For an ac system, the conduit mass with twice 
the diameter was four times as larg^, a penalty of about 2800 kg. 

In this study , the mechanical configurations and geometry of the 2 . 5 mw space 
construction facility and 10 mw radar were developed as part of Task II . The 
geometry of the SCF was assumed to be identical to the geometry of the Space 
Platform studied in Reference 14, except for increeisad array sizing and its result- 
ant path length increase. The geometry of the radar was developed to provide 
symmetrical spacecraft mass distribution and symmetrical rotations of array wings 
as the spacecraft rotates around the earth. Transmission cable lengths of 100 and 
100 meters compatible with these geometries were then used to calculate losses. 

2. 3. 5. 3. 2 PMS Modularity Levels for the Two Spacecraft . The 10 megawatt radar 
anc' the one megawatt average power (2.5 mw array) space construction facility 
both would utilize modularized power management systems. The modularity pro- 
vides redundancy in the event of a failure and allows the power management system 
to better match the ion engine power requirements. For example, the 50 cm diameter 
argon ion engine thrusters require a 20.2 kW discharge supply for an Igp of 5000. 

A module size of 20 kW can interface with the one engine and meet this need. In 
presenting the Dnal power mar.rigement m.asses, the module size was therefore used. 
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Calculatioi s of the penalties of this sizing, compared to "optimal" siziiig, indicate 
insig^nificant differences for the SCF facility. The 10 mw radar also was only slightly 
affected by this choice , at least for modules in this power range . 

For these calculations, the characteristics of these modules, the DC regulators, 
the DC /DC, DC /AC, AC /DC converters were predicted firom specific weight vs. 
power curves based on data developed for NASA on Contract NASS-fllTS? (Refer- 
ence 14). For the AC system calculations, rotary transformers mass is included in 
the primary drive module mass. The cost analysis was also based on the equation 
relating cost and mass developed in thtt study. 

COST = 0.005 (MASS/2. 2)®*921 
where cost is in million!) of dollars and M = mass in kg. 

A learning curve equation was used to estimate total cost . 

TOTAL COST = MODULE COST (0.6 x 0.85 NUMMOD + 0.4 x NUMMOD) 
where NUMMOD = the number of modules 

The modularity of the system was allowed to vary in two ways. First, the two 
sclar panel wings were assumed to be modularizable at a level of from one to 10, 
and then each subwing is assumed to modularize at a level of iVom one to 10. 

As previously discussed, alternative voltage levels were also considered, Fortran 
programs were then used to calculate the system masses and costs for the various 
alternate con^gxirations . 

2. 3. 5. 3. 3 Conclusions — PMS Modularity. The net effect of all these considera- 
tions was to make this AC system and the DC system have almost identical masses 
for the new configurat^cns . See Table 2-19. It also shows the additional weight 
of several alternative topologies. (See Figure 2-87.) If an all AC system is used 
on the LEO SCF, the added regulator mass for. Beam regulators is about 2600 Kg, 
so is the mass of beam DC regiilators for the DC system . The Radar column also 
shows sinsilar deltas for Radar Alternative. The other two options are an all DC 
system with DC-DC converter for Ion Discharge supply does add some mass to the 
Radar, because of the duplicated DC to AC regulator section. Because the masses 
are approximately the same, the eventual selection process is likely to concern 
itself with other considerations. These include those discussed previously— namely , 
the ability to design DC overload protection circuitry which will not either fail to 
provide protection or require excessive mass, and the ability to be able to ever 
close the high power, high voltage DC components gap. 

For the AC version of the SCF PMS , AC drivers provide AC to the facility and 
ion engine AC /DC supplies. For the DC version.. DC-to-DC converters provide 
this function. DC distribution was at 900 Vdc, AC at 300 volts AC. DC required 
safety conduiting; AC did not. 
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WITH 250 KW MODULE SIZE AND NOT APPLICABLE - A 500 Kg 

MULTIPLE IX)ADS 

SPLIT INVERTER MASS INCLUDES ARRAY MASS FOR INVERTER IXISSES AND ARRAY SWITCHING. 
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Figure 2-87. GEO Mission — Radar Power Management and Control Approaches 
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2.4 TECHNOLOGY RECOMMENDATIONS 


This part of the study was performed as shown in Figure 2-88. 



TIMM OUTWIT 


oetiiiHVin 


Fipire 2-88. Technology Recommendations 


2.4.1 POWER GENERATION TECHNOLOGY GAP IDENTIFICATION . The techno- 
logy' gaps in Photovoltaic power generation whose closure will provide significant 
technology benefits are listed in Table 2-20, beginning on Page 2-140. Specific 
recommendations are being made to close a gap in robotic beam builder develop- 
ment. The remaining needed technology activities associated with multiband gap 
cells and low light loss modular concentrator development are expected to be 
closed for lower power systems in the 1980s. Of course, should this expected 
development not occur as planned, backup plans for 2 cell modular low loss con- 
centrators should be implemented. 


2. 4. 1.1 Power Management and Control . As discussed in Section 2.3.3, NASA's 
on-going AC power management technology program, coupled with the technology 
goals recommended in Reference 14, cover the required multimegawatt technology 
gaps uncovered by this study. Two areas still require additional attention. 
Present concepts for a 25 KW axially-wound rotary joint are not viewed as main- 
tainable. Therefore, a technology gap exists in this area for manual /maintainable 
spacecraft such as the radar and SCF missions. This assumes tha; the gaps which 
Ref. 14 recommended closing are indeed closed in accordance with the recommen- 
dations of that study. 


The second gap involves switching components capable of switching the high 
power AC and DC power modules. 




r 
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2.4. 1.2 Energy Storage . For LEO applications like the Space Construction 
Facility, the high specific energy of Sodium Sulfur and the long life of flywheels 
make both technolo^ea attractive. The Air Force is studying the development 
of Sodium Sulfur systems , but corrosion of the present steel containers limits 
life. There exists a technology gap which should be addressed - the testing of 
cells utilizing protective chromium , molybdenum , or rutile titanium dioxide 
coatings . 

For LEO applications like the Space Construction Facilit:\ the mass, cost, 
reliability, and life advantages of flywheel energy stora'ge elements were 
developed in Task III, laboratory data on motor generators, and analysis of 
magnetic bearings all appear to offer potential advantages and benefits of enough 
significance to warrant development for space applications . The last activity in 
this area (Ref. 21) appears to have been completed in 1974, with no ongoing 
effort now taking place. This study recommends that this gap be closed for 
multimegawatt systems. It further recommends study at lower systr.ii power 
levels, since the results will probably downscale to systems below ore MW. 

2.4.2 TECHNOLOGY REQUIREMENTS DEFINITION . The technologies require- 
ments crucial to enabling multimegawatt space power systems have been identified 
and documented in a format which provides the information required to prepare 

a technology plan to enable Multimegawatt Space Power Systems in the 1990s. 
Appendix B of the final report provides the data for NASA planning purposes. 

2.4.3 CRITICAL LONG LEAD TECHNOLOGY IDENTIFICATION . The long lead 
items identified in this study were for power generation ; 

a. The low loss concentrator - which should begin development now for use 
in lower power systems. 

b. Multi-bandgap ceL technology for concentrators, now underway with planned 
availability for environmental, life, and automated assembly development 

in the next five years. 

c. The robotic beam builder - which requires some seven years to first (light 
and another three to achieve operational status in space. 

d. Backup two-cell concentrators. 

Appendix B summarizes the expected plans /lead times which should occur if 
development is to proceed to meet 1990s availability. 

For power management , the plan for the rotary transformer development . along 
with the list of required technologies being developed for lower power levels 
is given in Appendix B . 

The plan for primary Sodium Sulfur battery and flywheel and energy storage 
approaches is given in Appendix B . This development should also be considered 
for lower earth orbit missions in the 50-900 KW class. 
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Table 2*20. Technolo^ Gap Identification. 
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SECTION 3 
CONCLUSIONS 


This study looked at nnissions for the 1990s which might require multimegawatt 
power levels. Two missions were selected for study: a GEO air traffic control 
radar illuminator and a LEO space construct facility. The GEO radar appears 
to be beneficial because of its ability to provide a terminal region redundancy at 
low cost . One system with a moderate amount of additional capacity can back up 
the entire CONUS and, with two satellites, the entire U.S. is redundantly 
covered using the minimum number of orbit slots. The LEO Space Construction 
facility provides a base for assembly and test of the two radar satellites , as 
well as the potential for assembling an electrical orbital transfer vehicle. For 
both missions , argon ion engines were found to have significant benefits for 
stationkeeping (LEO) and orbital injection (LEO to GEO). 

The study also developed beneficial approaches for concentrating photovoltaic 
systems and potentially low mass power management and distribution systems. 
The concentrating photovoltaic system, using small, semiparabolic troughs with 
low light loss, supports the GEO and LEO missions with only one gimbal per 
array wing. It is tolerant of array pointing errors up to 25 degrees about the 
yaw axis . Pitch error tolerance is 1 degree , an error easily achieved by 
today's GEO spacecraft . The power management topology accommodates the ion 
engines by time-sharing those portions of the power conversion equipment 
which can be shared, thus minimizing mass. Energy Storage Technology 
development recommendations are corrosion-resistant , sodium sulfur batteries 
and flywheel backup systems. 

Although GaAlAs planar arrays are projected to cost more than the modular 
concentrator, their low mass makes them attractive for missions such as the 
electrical orbital transfer vehicle (TUG). Data which validates the ability of 
GaAlAs arrays to recover from the full spectrum of particle radiation using both 
continuous and electrical re-annealing is required to validate the expected per- 
formance, which today is based on testing at a limited number of energy levels. 

Technologies which do not appear to be as beneficial for multimegawatt systems 
are: 


a. Large Parabolic Concentrators, including hybrids with Rankine turbines 

b. Planar Silicon Arrays 

Arrays are the mainstay of today's technology' and will be more expensive than 
concentrators because of their increased cell area and lower efficiency. They 
are inferior when compared to concentrators for the self-injected GEO radar 
spacecraft, because of their susceptibility to radiation. 
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Large parabolic concentrators, including hybrids with Rankine turbines, are in- 
effective because of the massive radiators requi red to dispose of the waste heat 
generated by the cell inefficiencies. These radiator systems are more massive 
than small modular concentrators, because the radiators require heat -carrying 
fluids, tubes, and heat pipes to distribute the heat out to the fins in the redun- 
dant manner required for microtneteoroid survivability. 

Energy storage technologies which were predicted to be less beneficial include: 

a. Hydrogen /oxygen fuel cells 

b. Current solid plate batteries (NICAD, NiH) 

c. Other high energy density systems (Znfir 2 » LiMS). 

Hydrogen /oxygen fuel cells, with electiralysis units for storage have about the 
highest theoretical specific energy (joules/kg), but, in practice, the system is 
massive and inefficient. The surrounding hardware (with provisions for electroly- 
sis with phase changes) and survivability of the fluids <«nd gas systems when ex- 
posed to micrometeoroids, decreases achievable specific energ^s to 66 watt hours/ 
kg. Inefficiencies are less than 50% (including the electrolysis); these make the 
solar arrays larger than other approaches. 

The current systems (NICAD, NiH) all have shorter cycle life and would require 
significant on-orbit battery restocking for the LEO mission with its 100,000 cycle - 
life need. 

Of the other two high-energy density systems, ZnBr 2 requires pumps and fluid 
loops, and appears to be less efficient and less capable than the NaS alternative 
recommended. The LiMS approach does not have active loops but also has prob- 
able lower efficiency penalties. Both of these systems have a solid plate electrode, 
which is perhaps more vulnerable to life cycling degradation thari the liquid NaS 
system . 

The power management and distribution system results developed during the 
study indicate that hybrid AC /DC power management systems, with high voltage 
arrays driving the ion beam supplies directly and with split AC power converters, 
are an effective approach. Mass savings of from 10,000 to 30,000 kg would re- 
sult, compared to more conventional all-AC or -DC approaches. The approach 
requires that arcing losses from the front face of the solar cells into the plasma 
be made acceptable by floating the concentrator metal structure at the plasma 
potential of that portion of the array. The configurations will require study to 
establish allowable voltages and voltage gradients, and may be mission /orbit de- 
pendent. In any event, the cyclo- inverter technology for DC-AC-DC conversion 
will be developed for the low- voltage discharge supplies, so that in the event 
array voltages are limited to 100-300 VDC. the high-voltage beam supply con still 
be accommodated. 


3-2 


GDC /AST 81-019 


Three other Power Management technology requirements emerged from the study : 

a. There is a need for a maintainable, low friction, high efficiency, and space 
survivable approach for AC and DC rotary joint power transfer, 

b. There is a need for the development of fault-isolating, fault -tolerant , 
efficient switching for AC and DC power distribution systems. The AC 
problem is more amenable to solution, because AC current is automatically 
zero at the crossover point each half cycle and therefore the probability 

of a thermal runaway in a half cycle at 20 KHz is small, if efficient thyristors 
are used as the control device. DC distribution will require fast actuating 
electro-mechanical devices sized to accommodate maximum *«hort-circuit 
currents during their activation interval. 

c. The DC system may also require the development of hi(^;h-power DC 
transistors, if AC development is not accomplished. 
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APPENDIX A 

MULT I MEGAWATT POWER SYSTEM (MMPS) 
APPLICATION AND PERFORMANCE SHEETS 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONENT 


Idealized Silicon Solar Cell, Planar Array 


2. BASIC PARAMCTSAS 


Efficiency of 16% (May consider Metal, Insulator, Semiconductor (MIS) type 
construction), 50 jam thickness, 200^C self annealii^ - or somewhat hl^er if 200°C 
defect not removable. 

3. STATEMCNT OP NEED 


A planar array cell with long life, high efficiency, low cost 


4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Gallium Arsenide Cells, concentrators annealed polycrystaline cells. 
Dendritic Web cells. 


Annealable in space at high temperatures, therefore. 
Welds capable of high current, for on-array annealing, 

6. COMPONENT IMPLEMENTATION 

Basic Spectrolab or Comsat Cell, with lower cost due to process improvements, 
plus Boron Oxygen defect removed for 200*^C self annealing. 


7. ALTERNATIVE IMPLEMENTATIONS 

Comsat, Spectrolab, ASEC, Solarex implementation of existing cells 


S. COMPONENT PERFORMANCE REQUIREMENTS 

Cell dimensions, 5x5cm. Hanar array blanket assumed to be packaged folded 
for shuttle launch. 100,000 temperature cycles >65^0 to tGO^ 






MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMMNCNT 

Idealized GaAlAs Planar Array Solar Cell 

2. BASIC PARAMCTCRS 

Efficiency of 20% (28°C, AMO, CR-1) SO u. meter, low cost substrate, back 
surface reflector. Tmax at least 125°C for 20 years 


3. STATCMCNT or NEED 

A planar array with very low cost, high efficiency cells may be more effective 
than concentrators because of the thermal control concentrators require. 

4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Planar Silicon Cells, Cells for Concentrators 


S. SUaSVSTEM REQUiaEMENT 

Radiation Insensitivity, (Self annealing). Weldable contacts, up to 100,000 thermal cycle: 

<-650-to +60®C) < 

S. COMPONENT IMrtEMENTATION ' ' 

Basically, take the current MIT Lincoln Lab Cell and add production features for 
low cost, plus development test, back surface reflection, and deposition on a low' mass, 
graphite substrate. 

7. alternative implementations 

Other low cost substrates (not yet demonstrated). 


S. COMPONENT PERFORMANCE REQUIREMENTS 

The cell should be an advanced, low cost low mass version of the MIT /Hughes/ 
Vhrian work. 

Cell width of 50 ii-meters. Planar blanket packaging In multiple folds for launch 
environmental protection. Capable of accepting electro statically bonded cover 
slides and back welded circuit attachment. Possibly capable of circuit sell annealing 
Specific weight of 1 gm/cn assumed. 







MMPS COMPONENT APPLICATION ANO PERFORMANCE 


1. COMPONCNT SlDgle Band Gap Gallium Aluminum Arsenide Solar Cells - 

CR »» 1 or 2. Germanium Substrate ^ 

2. BASIC SARAMCTERS 

Efficiencies demonstrated in the Lab of up to 16% 


3. STATEMENT OF NEED 

Planar Solar Arrays - Low cost Germanium substrate - hi{^ ef&ciency 
plus 30 year life - self annealiig 

4. ALTERNATIVE TECHNOtOaV CONCEPTS 

Silicon, GaAlAs with Gallium Arsenide Substrate 

s. SUBSYSTEM REQUIREMENT Radiation Insensitive, TgoT RANGE * 125^C, 

up to 100,000 cycles. T(^)lD “ -65°C 

«. COMPONENT IMPLEMENTATION 

Demonstrated by Lincoln Labs in Research Stage 


7. ALTERNATIVE IMPLEMENTATIONS 

Other low cost substrates (not demonstrated to date) 


S. COMPONENT PERFORMANCE REQUIREMENTS 

A translation into production of the present Lincoln Lab cell design. 


Capable of withstanding tiie Shuttle launch environment in a folded blanket 
condiguration. 







MMP$ COMPONENT APPLICATION AND PERFORMANCE 


1. COMRONCNT 

single Band Gap Galium Arsenide Solar Cells - CR»1, 




2. BASIC PARAMCTCRS 

Efficiency of 17-20% in lab. 50 fiilck at least 12S°C for 20 years 


3. STATCMBNT or NEED 

A planar array cell with very high efficiencies, needed only If the low cost substrate 
approach cannot be made to work. 

4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Silicon Cells, concentrator cells. Low cost substrate Gallium Arsenide cell. 


5. SUBSYSTEM REQUIREMENT p^jjation Insensltlvlty, self annealing, weldable contacts, 
electrostatic coversllde bonding, 100,000 cycles -65° to 60°C 

S. COMPONENT IMPLEMENTATION 



Utilization of the Hughes, Rockwell, or Varian approaches. 

7. ALTERNATIVE IMPLEMENTATIONS 

Vartan, Hughes, and Rockwell processes. (Organo Metallic, and Liquid 
Phase Eptaxlal (LPE)). 

S. COMPONENT PERFORMANCE REQUIREMENTS 

Advanced, low cost version. Weldable contacta V Temperature coefficient 
of .22 yiV/C^. Ijjip/lgc strongly dependent on temperature. Coversllde 
attachment via electrostatic bonding. 

Capable of withstanding the Shuttle launch environment In a folded balnket 
package approach. 
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MMP8 COMPONENT APPLICATION ANO PERFORMANCE 


1 . COMPONCNT Edge Dettned, Film Grown (EFG) 

or Dentrltlc Web formed Silicon Solar Celle 

2. SASIC eARAMCTCRS 

>7^ - 18% by lasar re-anneallng and regrowlng of junction region at AMI. 
AMO/t^ ■ 16%@28»C, 14%@60«C 

3. STATCMCNT OR NCEO 

Low cost silicon cells for space usage. Reliable, long lived, capable of 
100,000 temperature cycles (-65° to +65®C) 

4. AUTCRNATIVC TECHNOLOGY CONCtrrS 

Single crystal or polycrystallne silicon. 


S. SUBSYSTCM RCQUIRCMCNT 

Radiation Insensitivity, weldable contacts 

S. COMPONENT IMPLEMENTATION 

Use terrestrial production silicon and lasar anneallngytUffuslon to make the 
equivalent of a 


7. ALTERNATIVE IMPLEMENTATIONS 

Several suppliers and universities are developing approaches for very fast 
ribbon forming systems. 


S. COMPONENT PERFORMANCE REOUIREMENTS 

'f\ = U%, capable of surviving the Shuttle launch environment mounted to 
a folded solar blanket. 
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III 


MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONENT 


Amorphous Silicon Solar Cells 


2. BASIC PARAMCTCRS 

Only lower efficiency demonstrated, but potentially much lower cost. 


3. STATCMENT OF NEED 

Lower cost solar power enhances the competitive position of space missions 
such as the Space Radar and Construction Station. 


4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Planar arrays with more efficient mono-czystaline silicon or GaAlAs, or 
concentrating systems 


S. SUBSYSTEM REQUIREMENT 

Radiation insensitivity or self annealing, 100, 000 temperature cycles (-65 to -i-SO^C) 


S. COMPONENT IMPLEMENTATION 

Horizontally Multilayered High Voltage Cells 

Efficiencies to 6% are predicted, assuming one of the 3 implementations matures. 


7. ALTERNATIVE IMPLEMENTATIONS 

Ultrathbi active layer "FAN” ts^pe cell or Tandem amorphous cells 
1, 2, 3 (References) ”14th IEEE Photovoltaic Specialists Conference” 


S. COMPONENT PERFOiUMANCE REQUIREMENTS 

It is assumed that Hie shuttle launch packaging of the solar blanket which uses the 
cells will be accomplished by multiply folding the blanket, so that launch 
vibration and ”g” loadit^ are minimized, as far as the cells diemselves are 
concerned. The cells themselves must be capable of accepting coversUdes. 

^oc ^ ^sc* Because low cost is inherent, width is assumed to be 200-500 


^meters, driving blanket specific weight up to 2 Kg/M^. 
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MMPS COMPONENT APPLICATION ANO PERFORMANCE 


1. COMPONCNT 

Amorphous Silicon Solar Cells (High EfHcieocy) 


2. BASIC SARAMCTCBS 

Only lower efAciency demonstrated, but potentially much lower cost. 
Efficiency increased by laser anneallng^ffUsion. 


3. STATCMENT or NEED 

• 

Lower cost solar power enhances the competitive position of space missions 
such as fi\e Space Radar and ConstructloQ Station. 

- 

4. ALTCRNATIVC TCCHNOLOOY CONCCTTS 

Planar arrays with more efficient mono-ciystaline silicon or GaAlAs, or 
concentrating systems 

S. SUBSYSTEM REQUiaSMeNT 

Radiation insensitivity or self annealing, 100, 000 temperature cycles (-65° to -t-eo^) 

1 

00 

S. COMPONENT IMSUMENTATION 

Doped amorphous layer deposited and regroWn epitaxially. 
Efficiencies to 16% are predicted. 

(Reference) "14fii IEEE Photovoltaic Specialists Conference" 

7. ALTERNATIVE IMPLEMENTATIONS 

t. COMPONENT PERFORMANCE REQUIREMENTS 

It is assumed diat the Shuttle launch packaging of the solar blanket which uses the 
cells will be accomplished by multiply folding the blanket, so that launch 
vibration and "g" loading are minimized, as far as the cells themselves are 
concerned. The cells themselves must be capable of accepting coverslides. 

Voc >4, I^ . Because low cost in inherent, width is assumed to be 200-500 
meters, driving blanket specific weight up to 2 Kg/M^. 


MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONCNT 

Multlbandgap One Sun Solar Cells 

2. BASIC PARAMETERS 

Efficiencies of 23-25% @ 60°C 


9. STATEMENT OP NEED 

A planar array cell wltii long life, higher efficiency, self annealing at GEO 
levels. 

4, ALTERNATIVE TECHNOLOOV CONCEPTS 
Single bandgap cells, concentrators 


s. SUBSYSTEM REQUIREMENT Annealable In space, possibly by applying higher 

temperatures (200-300°C) capable of withstanding 100,000 -65°C to -i^S^C cycles. 

6. COMPONENT IMPLEMENTATION 

Both Varian and Spectrolab have approaches for construction of this type of cell. 


7. ALTERNATIVE IMPLEMENTATIONS 

Under study at Varian, Hughes Research, Arizona State University. 


a. COMPONENT PERFORMANCE REQUIREMENTS 

Capable of being packaged to withstand tiie shuttle launch on a foldable blanket. 
5 X 5 cm square cells. 


9. UNAVAILABLE DATA 

There is no laboratory data on three bandgap systems as yet, however, theoretical 
studies indicate that this extension of todays technology should be anticipated 
but with the provision of high risk. 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 

1. COMfONCNT 

Etched Groove Silicon Concentrator Solar Cell 

2. BASIC MRAMITIM 

Efficiencies of as high as 18% have been demonstrated In tiie labocatoxy 
at 1000 suns* 

S. STATBMBNT or NCED 

A hlg^ efficiency, concentrating solar cell should be considered for Its benefits. 
They are: cost reductloi^ low mass 

4. altirnativc tichnoloqv coNCtrrs 

GaAlAs concentrating cells, planar cell arrays 

s. SUBSYSTCM BBQuiBKMiNT Radiation Insensitive or self annealable, heat exchanger 
mounting. (100,000 temperature cycles, -65*^0 to 4>160*^C) 

4. COMSONBNT IMSCBMBHTATiON 

Described In the 14fii photovoltaic IEEE specialists conference by Microwave 
Associates. 

I 7. ALTCRNATIVe IMSUCMEMTATIONS 

OCLI concentrator cells, fabricated to NASA standards 

I. COMSONCNT SBRroRMANCt ACQUIREMCNTS 

1. The etched grooves shall not cause a loss of reliability (Ref. NTS-H 
experiment). 

The cells will be mounted to a heat exchanger, and in die mounted configuration 
must be capable of withstanding the shuttle launch environment. Based on our 
analysis, heat fluxes will be up to 35 watts per 2. 0 by 2. 0 cm cell. 


1 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COM#ONCNT 

Concentrating G%AlAg Solar Cel?. Back Surfaice Reflector 

2. tASIC eARAMCTtaS 

17 to 20% at 50 suns 


). STATCMCNT or NCCD 

A cell of thla type appears to be able to make concentntors coat 10-30% of 
the cost of Planar Arrays. 

4. AtTtRMATIVe TCCHNOLOOV CONCIPTS 

Low cost solar cells In planar arays, other concentrating approaches. 


/nsenAfttS capable of witiistandlng 100, 000 temperature cycles 

f-65<>C to >H60»CI 

6. COMSONCNT IMrtCMCNTATION 

Similar to Varian GaAlAs terrestrial cells 


7. ALTCaNATIVe IMStCMCNTATIONS 

Liquid Phase Eptaxial (LPE) or Organometallc Processes 


I. COMirONCNT rCftFCaMANCe RCQUIRCMCNTS 

The cells will be mounted to a heat exchanger and in the mounted configuration 
must be capable of withstanding the shuttle launch environment. Based on our 
analysis, heat fluxes will be up to 25 watts per 2.0 cm by 2.0 cm cell. 
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MMPS COMPONENT APPLICATION AND Pf RPONMANCB 

1. COMWNtNT 

Multlbaodpp coocentimtlng •oIt cell>, 

X. lASIC PAAAMITtM 

Efllclenciet of 25-28%, temperature coefllclenta at of band gup fa 2 mv/C° 


S. STATUMINT or NIRD 

Highly efficient, low coat power 

4. ALTiaNATIVC TtCHNOCOaV CONCtm 

Plane silicon or GaAlAs concentrating cells, planar single band cells 


I. SUaSYSTtM aCQUiaCMRNT 

Radlatiou Insensitive, capable of wltiistandlng up to 100, 000 temperature cycles, 

S. COMSONtNT IMSLIMCNTATION tO +100*V 

Being developed by Vartan under contract to NASA LeRC« 


7, AtTCaNATIVI IMStEMRNTATIONS 

Vartan Dlchrolc mirror approach with single band concentrating cells. 


I. COMSONCNT SCaroaMANCI aSOUiaSMRNTS 

The cells will be mounted to a heat exchanger and In the mounted configuration 
must be capable of withstanding the shuttle launch envlronmeoL Based on our 
analysis, heat fluxes will be up to 25 watts per 2. 0 cm by 2* 0 cm cell. 


I 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


u COMPONCNT Silicon/Gallium 50% efficient Solar Concentrator Cells 


2. BASIC PARAMersRS 1. Sperical concentrator illuminates a target to a 
"red hot" 2100^. At this temperature, the Gallium Silicon cells 
are theoretically 55^ efficient, with 50% perhaps achievable. 


3. STATEMENT OF NEED ^ 50 % efficient photovoltaic system is needed to 
minimize system cost, mass, volume. 


4 . AiTM«ATiv.TecHi«co«yco««m possible 50% 

efficient system would involve excessive radiator mass. 


$. SUBSYSTEM REQUIREMENT 

f 

s. COMPCNENT implementation The silicon/GA cells ^ich the Illuminator 
shines upon must be capable of high flux densities. They must have 
back surface reflectors. 

! 

7. ALTERNATIVE IMPLEMENTATIONS 

1 

» 

1 .; 

n 

8. COMPONENT PERFORMANCE REQUIREMENTS 

The silicon cells should handle the heat flux of about 50% of the 
energy. Since a concentration ratio of about 2500 is required for 
2100 K° il'*umlnator temperature, fluxes of approximately 200 w/cm^ 
will be incident on tie cell. 100 w^/cm must then be handled by 
the thermal control system, v.ith what would probably be a jet 
ii i incement on a heat exchange close to the back of the cell. 

H 

1 

( 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 

t. COMPONENT 

Ranklne cycle heat engine 

Z. BASIC PARAMETERS 

Terrestrial technology and KIPS technology have developed turbines whose 
efficiency is 70 to 72% of Carnot maximum. 

■ 3. STATEMENT OF NEED 

Ranklne engines could be employed to utilize low quantity waste heat from 
photovoltaic systems, depending radiator specific weight, they may have benefits. 

4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Pure photovoltaic systems. Fluid systems with ranklne pumps. 

5. SUBSYSTEM REQUIREMENT Radiation and micrometeoroid environment, 0 g liquification, 

LEO thermal c^^cle for space constmctlon 

6. COMPONENT IMPLEMENTATION 

KIPS turbine(s) could be upscaled and used with jet condensers. Scaled point 
designs for up to 10 KW have been developed. 

> ' 

|L I 7. ALTERNATIVE IMPLEMENTATIONS 

I 

I No other space alternative is known for use in conjunction with photovoltaics, 

I although a commercial Barber-Nichcis turbine could perhaps be space qualified. 

8. COMPONENT PERFORMANCE REQUIREMENTS 


I 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONENT 

Brayton cycle heat engine/alternator 

2. BASIC PARAMETERS 

Input temperature assumed to take only one value - T|]OT 1400° with reflections 
from Dlchrolc mirror secondary. Tjjot = 150°C with cells at secondary not 
Judged feasible. 

3. STATEMENT OF NEED ‘ 

ng reflective mirrors, perhaps 30% of die solar Insolation might be utilized 
In heat engine system. 

4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Ranklne or Stirling Engines, or Photovoltaic "only" systems. 


5. SUBSYSTEM REQUIREMENT sensitivity to mlcrometeorolds. Fluids should 

not be a possible contaminant. 

6. COMPONENT IMPLEMENTATION 

The DIPS and LeRC Brayton turbine developments serve as lower power 
protores which could be upscaled. 


7. ALTERNATIVE IMPLEMENTATIONS 


8. COMPONENT PERFORMANCE REQUIREMENTS 

The unit should have overall efflclencles of about 25% for a temperature range of 
from +60 to +1100 C. The attainable speclflc power from typical combined 
rotating units, appears to be about 50 W/Kg, and this will be specified. 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONENT 

Nickel - Cadmium Electrochemical Storage Battery 


2. 8ASIC PARAMETERS | 

Energy Density - 10-25 W-hrAg 

Life S-10 yrs. 30,000 cycles (LEO), 300-900 cycles (GEO) 

Throughput Efficiency - 75-90% « 1.3 V 

Optimum Temperature - 0-10*^C 


3. STATEMENT OP NEED 

Load management buffer, secondary and backup power during array outages, 
power source for on-array thermal management/annealing. 


4. ALTERNATIVE TECHNOLOGY CONCEPTS 

Metal-Hydrogen electrochemical 
Flywheels electromechanical 
Fuel Cells, regenerative 


S. SUBSYSTEM REQUIREMENT 

Occlusion in LEO (38%), radiation and micrometeoroid environment 


6. COMPONENT IMPLEMENTATION 

Charge/Discharge unit draws power from secondary bus 

Batteries on array side of rotary joint to minimize pointing requirements 

Deep discharge reconditioning for extended life, resistance heater for op below -50°C 


7. ALTERNATIVE IMPLEMENTATIONS 

Depth of discharge: varies inversely with useful life. Implies trade-off of transpor- 
tation against component costs over time* Minimum 10 year weight attained at about 
25% discharge depth 

Regulation; shunt scries, on-array regulation, or LC^ high efficiency charge control 

8. COMPONENT PERFORMANCE REQUIREMENTS 

Load profile: handles Intermittent peak power Ivr) 

loads (up to 2C without loss of life) for space 
construction facility ‘ \ 

Output: Equals array EOL power, for about 0.5 hrs \ 

Voltage: Dedicated storage bus allows selection , , \ >^qeo 

Reliability: Switches for bypass of Inoperative cells \ \ 

Control: Microprocessor algorithm based on sensed * ‘ leo\ \ 
voltages, temperatures \ \ 

Temperature Range: -40°C to 50°C * " \ 

Working Voltage; 1-1.25 V ' \ 

Acceleration: 5 g's max i i ~ i .~ i » « ^ 

Vibration; Shuttle launch environment v I'e ' it ' *0 ‘ 7p hood 

Longer lifetimes not achievable - although 
benefits from longer life could be 
significant. 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


1. COMPONENT 

Nickel - Hydrogen Electrochemical Storage Battery 

2. BASIC PARAMETERS 

Energy Density - 30-35 W/hr/kg (Hl-H) 

Life 5-10 yrs. 30, 000 cycles (LEO), 900 cycles (GEO) 

Throughput Efficiency 75-90% Wqq = 1.36V 

3. STATEMENT OF NEED Bsckup for NsS and flywheel. 

Load management buffer, secondary/backup power during array outages, power 
source for .. ^irray thermal management/anneallng 

4. ALTERNATlVy, TECHNOLOGY CONCEPTS 

Nickel Cadmium electrochemical 
Flywheel electromechanical 
Fut^l cell, regenerative 

5. SUBSYSTEM REQUIREMENT 

Occlusion In LEO (38%), radiation and especially mlcrometeorold protection 

6. COMPONENT IMPLEMENTATION 

charge/discharge unit draws power from dedicated bus 

Batteries on array side of rotary joint to minimize pointing requirements 

Provisions for protection against punctures or for bypassing cells required 

7. ALTERNATIVE IMPLEMENTATIONS 

Nickel, Hydrogen vs. more materially expensive but lighter Silver- Hydrogen 
Regulation: shunt, series, on-array or LC^ high efRciency charge control 

Depth of discharge varies Inversely with useful life. Minimum 10-yr. weight 
Is achieved at about 50% discharge depth. 

8. COMPONENT PERFORMANCE REQUIREMENTS 

Load profile: Handle Intermittent peak 
power (up to 1.5 C w/o loss of life) 

Output : equals array EOL power for 0. 5 hrs 
Voltage: dedicated storage bus allows selection 
Reliability: provisions for bypassing failed cells 
Control: Microprocessor algorithm based 
on sensed voltage, temperature and 
pressure 

Temperature Range: 0° to 30°C 
Working Voltage: 1.0 - 1.6 V 
Shuttle Environment 
Longer lifetime not achievable - 
although benefits from longer life could 
be significant. 
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MfvlPS COMPONENT APPLiCATiON AND PERFORMANCE 


COMPONENT 

Silver - Zinc Electrochemical Storage 
■ 2. 3ASIC PARAMETERS 

i Energ 3 ’ Denslt\% 30-50 \\Tir/kg and perhaps greater 
'• Life - 1-2 yrs; 200-500 cycles GEO only 


Throughput Efficiency 70-90*!? 


= 1.5 


j 3 STATEMENT OP NEED 

, Emergency power source, power source for array outage and thermal 
' management/annealing 

i 4. alternative technology concepts 

Nickel - Cadmium electrochemical 
Regenerative fuel cell 
Flyw'heel electromechanical 


I S. SUBSYSTEM REQUIREMENT 

< Emergency backup power for radar mission (GEO), radiation and micrometeoroid 


5. COMPONENT implementation xi-uiiiiici 

Inorganic/organic separator allows extended life compared to earlier cells 
•iOT maximum DOD for rechargeable operation 
• Charge/discharge unit draws power from dedicated bus 


ALTERNATIVE IMPLEMENTATIONS 





8. COMPONENT PERFORMANCE REQUIREMENTS 

One year lifetime with excellent charge 
retention. Lifetime Increase is unlikely 
Acceleration: 5 g's 
Operating temperature: -40°C to 75°C 
Working voltage: 1 to 1.55 V 

Charge retention: 1 year at 25°C 
Shuttle launch environment 


r 
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mips COMPONENT APPLICATION AND PERFORMANCE 


. COM»O.NeNT 

:Sllver - Hydrogen Electrochemical Storage 


SASIC f AftAMCTCftS 

Energy Density - 50-70 W. hr/kg 

Life I-IO yrs 8,000 cycles (LEO), 900 cycles (GEOI 

Throughput Efficiency 70-90*^ = 1.7V 

Z. STATEMENT Or NEED 

Load management buffer, secondary /backup power during array outages, power 
source for on-array thermal mgmt. /annealing 


4. ALTESNATIVE TECHNOLOGY CONCEPTS 
Nickel Cadmium electrochemical 
Fl^vheel electromechanical 
Fuel <^ell. regenerative 


; 5. SUeSYSrEM REQUIREMENT 

'< Occlusion In^LEOi 33*?, radiation and mlcrometeorold protection 


, S. COMPONENT IMPLEMENTATION 

I ~ Charge/discharge unit draws power from dedicated bus 

Batteries on array side of rotaiy' joint to minimize pointing requirements 
Provisions for protection against micrometeoroids or bypassing failed cells 


LTERNAHVE IMPLEMENTATIONS 

“jllver - Hvdrogen vs. heavier but less expensive Nickel Hvdrogen 
Regulation: shunt, series, on-array, LC^ high efffclencv regulation 
Depdi of discharge Inversely proportional to battery life; optimum around 73 
depth of discharge 


3. COMPONENT PERFORMANCE REQUIREMENTS 
Similar to Nickel - Hydrogen 







MMPSC0MP0^4£NT APPUCATtON ANO PERFORMANCE 


COMPONENT 

Llthlum/TVanattion Metal (e»g» Tt) Sulfide Elccuochemical Battery 


eASIC PARAMCTCRS 

Energy Density 150-250 H hr/kg 

Life - 300-900 cycles 5-10 yrs. (GEO) 

Throughput Efficiency 70-90*]f Vq^ « 2. 1 V 


STATCMCNT OP NEED 

Load management buffer, emergency and occlusion power for GEO orbit. 


ALTERNATIVE TECHNOLOQY CONCEPTS 
Nickel-Cadmium electrochemical 
Metal - Bydrogen electrochemical 
vhcel Electromechanic 


SUBSYSTEM REQUIREMENT 

GEO Occlusion (1%), micr<>p>«^t^roid and radiation environments. 


COMPONENT IMPLEMENTATION 

Batteries on array to minimize poin*'ji :'4 requirements. 

Charge/Discharge unit draws power from dedicated bus to account for large 
voltage va, SOC slope for this couple. 

ALTERNATIVE IMPLEMENTATIONS 
Ifigh temperature lltblum/iron sulfide battery (350-450"C) 


a. COM.»ONeNT PERFORMANCE REQUIREMENTS 
Operating temperature; 

\V’Pv\lng voltage = 1. 5 - 2. 0 
Shuttle launch environment 
Deep discharge capability 
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MMPS COMPONENT APPLICATION AND PERFORMANCE 


Rotary Joint (Transformer) 

a. SASIC MRAMCTtRS 

5 UV AC continuously rotatable joint arranged as 20 separate 
250 KV circuits - repairable on orbit > use pot core design with 
outside coils. See below. 

a. STATCMCNT OF NEED 

Transfer of energy across rotary joint. 

4. ALTCRNATIVE TCCHNOUOOY CONCCPTS 
Slip rings. 

5. SUSSYSTCM RCQUIRCMKNT 

Array must point at sun; antenna must point at earth. 

S. COMroNCNT IM^UCMCNTATION 

Rotary transformer connects between resonant converter primaries 
and load converter secondaries. 

7. AUTCRNATIVe IMPLSMeNTATIONS 

Rotary capacitor, slip rings. 

S. COMPONENT PCRPORMANCE RCQUIREMENTS 

Power: 5 mw total per side 

20 transformers rated at 250 KW each per transformer side. 

Frequency : 20 KHz 

Inductance: Controlled 

parameter 

Full Load Torque: TBD 

Efficiency: 98% 

Specific Mass: 1, Kg/KVi 

Voltage: 1.000 Vrms 

Current ; 250A rms per 

circuit . 











MMP8 COMPONENT APPLICATION AND PERFORMANCE 


I. COMPONCNT Payload Connectors - Magnetic 


2. SASIC ^AfUMCTKM 

Voltage (primary) 1 KVRMS, 20 KHz 
Power: Up to 250 KW 0 250 amps. 


3. STATtMCNT OW NCtO 

Connectors are required to connect Individual membrane loads to 
the distribution matrix. Connectors facilitate maintenance and 

^improves . 


4. ALTCRNATIVC TtCHNOLOQY CONCSTTS 

Hardwiring, welding, or regular contact connectors. 


$. SUSSVSTCM RCQumCMCNT 


«. COMPONCNT IM^CIMCNTATION 

Magnetic connectors offer Increased resistance to plasma losses. 
Increased safety and eliminate the need for a separate power 
transformer In load equipment. 


7. AbTCANATIVf IMPUIMCNTATtONS 

Should be the subject of a detailed design study. 


COMPONENT PCRPORMANCC RCQUmtMCNTS 


Primary Voltage: 
Secondary Voltage: 

Frequency ; 

Power : 


Connect /Disconnect Cycles: 100* 


Efficiency : 

Circuits : 

Insulation Resistance; 


1 EVRMS 

Single or multiple windings per load 
requirements 
60 Hz 

Up to 250 KW 


98% 

2 

100 Megohms 


*Not a limitation - could be Increased if an Increase was 
required. 


1 
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MMPS COMPONBNT APPLICATION AND PIPPORMANCS 



I. COMI»ONCNT KMromniANCt RCQUilltMtNTS 


Input Voltage: 300 VDC 

Input Power: 25 to 250 KW 

Output Voltage: 300 VRMS 

Resonance: Resonant at about 20 KHz with rotary joint 

internal capacitor and inductor. 

Control: Databus 

Efficiency: 98% 

Physical: 1.65 Kg/KW for one half of the converter 

second order terms in accordance with 
Figure 
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MMPS COMPONINT APPLICATION AND PfRPORMANCi 


I. coMWNtNT Loi^ Distribution Switchgear 
I. SASIC MRAMfrtllS 

Power Level: 10 IfW AC total, 25 KW for radar distribution 

Configuration: Electronic crossbar 

%. SrATSMtNTOWNlIO 

Xnterfaxw parallel lines from rotary Joint to load matrix. 
Adaptive load management. Redundance management. 

4. AtTMNArivtncHNOcoavcoNegm 

Hardwired system. 

I. SUBSYSTtM StQUISIMtNT 

Adaptive load distribution required. 

«. COmeONCNT IMeUDIINTATION 

Outputs from the rotary Joint need to be distributed throughout 
the load matrix. Failures of power management equipment on 
the load side of the Joint must be acconoodated . 

7. ALTtSNATIVt iMnSIIIIENTATIONS 

Thyristor switches which switch at zero voltage point. 


I. eOMPONINT WiroSMANCt StQUIStMSNTS 

Power Level: Prom 25 to 250 CV (may actually be 30 KW so that 

for compatibility with icn modularity). 
Frequency : 20 KHz 

Inputs: 21 (20 i spare) 0 250 KW 

Outputs: Determined by load matrix for the radar. 

Control : Databus 

Efficiency: 99%. 

Voltage: 1,000 vrms 

Current: 250 A per input X 20 inputs X 2 wings 
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MMPt eOMWONINT APf UCAriON AND PfAPOraMANCi 


1 . eoMPONCNT Power Ifaaagement Control Computer Syet«n 

a. tASIC MRAftlfTtm 

Distributed Msster/Slsve Computer System 


I. STATtMINTOrNISO 

Overall PMS control. 


«. AkTHINAnvtTteHNOI.OOYCOf«Ctm 


a SUMYfTIM StQUIStMINT 

Yes 

a COMPONENT IMWltMINTATION 

All PMS components connect to the control computer. 


7. AkTCflNATIVC IMPUEMINTATIONS 


a COMTONtNT ^tarOSMANCC StQUiSmtNTS 

This control computer will be a distributed computing system 
with a master computer and many slave computers with fault 
detection software and hardware. The throughput of a typical 
slave computer will need to be about 2 MDPS with the master 
computer operating at about 80 MBPS. 

Word length: 8 bits 

Communication Medium: Optical or wire databus. or HI BF 

Power Source: Master - 1 KVDC 

Slaves - 20 KHz AC 










Mm eOMPONDIT APfWlCATION AND Pf RraRMANCt 


I. COMMNCNT 2on Eagln« Pow«r Supply (AC input) (50 ca dla. assuaud) 

t. tASie MRAMCrtM 

Input la 20 KBs AC, stunt opnratn an rnsonant convert nr nncondary 
output In to bnao and dlnctaargn engine inputn. 

t. SrATtMiNTOrNCfn 

Ion eaginon required for npaceconnt ruction facility ntation- 
keeping and boont to QUO for npace radar. 

4rrai?tnNATivtTUHNoi.oaYceNcgm 

Bean nupply array nwitched, DC/DC con vert era at the enginen for 
dlncbarge nupply. 

a sunsvsTtM MouiRCMiNrr 

Supplien stunt enable ponnible cooling, 
a COMSONtNT IMrtnMtNTATION 

For the aplit AC ayntem, the ion aupplien stunt operate an the 
back half of the aplit inverter nyntesi. For 50 cm engine 
di.tineter, aizing in approximately 42 KW. 

7. ALTf RMATIVt IMSlAMtHTATIOMS 

Smaller diameter ion enginen with nmaller power modularization 
level (35 cm/25 KW). 


t. COMSONtHTPinranMANCgUOUIMMINTS 

Input: 300 RMS, 20 KHz AC 

Renonant Converter 

Total Output: 29 KW/thrunter X 108 thruatern (radar) 

Efficiency: 97% overall 

Phyaical: 1.65 Kg/KW per module (Figure _) 

Beam Output: 900 VDC ~ 

Discharge Output: 30 VDC 9 S8 ampn. 

Cooling: Pannive 490 W/Supply Module at 92 KW 
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MMP8 COMPON»rr APfUCATION AND PfiRPORMANCS 


" Ion Engine Power Supplies (DC input) 

X. SASIC ^ASAMtTCM 

Input is directly off of the solar arrays. Beam output is 
directly from switched array— no isolation required. Discharge 
supply is to be provided by a DC /DC converter.* 

S. STATtMtNTOrNtn 

Ion engines required for LEO stationkeeping (space construction 
facility) and boost to GEO (10 IfW Radar). 

4. AkTtRNATIVCTtCMNOLOaYeONCtrrS 

A split AC system with a DC/AC driver module driving a high* 
voltage beam system. A DC system with a high voltage DC/DC 
converter for power beam. 

s. sussvsTtM RSQuistMiNT Determined by Reliability and Cost /mass 
minimization. 

C. COMSONCNT IM^LtMSNTATION 

Single failure tolerant switching for the beam output. 

DC/DC converter for the 30 volt discharge supply. 

7. AkTtfINATIVf IMnkMENTATIONS 

A split AC resonant converter with both beam and discharge 
supplies. 


t. COMaONSNT PCRPOSMANCI RKQUIRIMtNTS 

Input: 900 VDC 

Total Output: 10 megawatts (radar), 750 KW (SCF) 

Efficiency: 95% (DC/DC) 99% (switches)* 

Physical: 3.3 Kg/KW«* DC/DC converter at modularity 

level of ion engine 

Beam Output: 900 V at 80 amps per thruster (8 for SCF) 

Cooling: 1 KW per supply-passive (108 for radar) 

Discharge Output: 660 amps at 30 volts. 


*Benefits of a DC /DC converter over switches for the 30 VDC 
discharge requirement all about 31,000 Kg and $30M because of 
transmission line mass. 







MMPS COMPONINT APPUCATION AND PtRPORMANCS 


I. cOMMNtNT SCP Energy Storage Switching Controller-Electrical 


a CMK MRAMCrtM 

Voltage: (In and out) 300 VDC 

Power: * 1 megawatt output to SCF facility 

Discharge Time: 1 hour nominal 


I. STATtMINTOrNtlO 

A computer-controlled charge /discharge system Is required to 
manage battery or fuel cell electrical energy storage system. 


4. Al.nRNATIVtTtCMNet.OOyCONCIPTS 
Flywheel energy storage. 


a suasvsrtM MouisiMvir 

Overall energy storage of one megawatt. 

a COMRONtNT IMAUtMtNTATiON — — — 

Single failure tolerant switching to ensure reliability. 
No crosstrapping of busses. 


7. AtTtRNATIVt IMRUtMaNTATIONS 

If this switching approach later proves to be infeasible, 
regulators at 2.3 Kg/KW could be substituted. This substitution 
will not affect the trade of DC vs. AC PMS components, which 
are downstream from the Energy Storage. 

a COMRONtNT raSFOSMANCt atQUiStMSNTS 

Input /Outout Voltage: 

Input Current : 

Output Current: 


Physical : 
Control : 


300 VDC input, 300 VDC output 
55 amps 0 300 VDC 

Modularity level of 20/array panel 
requires 80 amps /output module 
switch with 40 switches. 

0.1 Kg/KW 
Databus 


A-28 



MMP8 COMPONENT APPLICATION AND PERPORMANCI 


'• Connectors - Mechanical 

a. lASiCMIUMITtM 

Voltage: 1 KVRMS 20 KHz 

Current: Up to 80 amps 

AC System 



1,000 VDC 
Up to 80 amps 
DC System 
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ORIGINAL PAGE IS 
OF POOR QUAU1Y 


DEFINITION OF TECHNOLOGY REQUIREMENT 

I. TECHNOLOGY REQUIREMENT (TITLE): High bandtran cell. Tvne I Page 2 of 4 


7. TECHNOLOGY OPTIONS: 

AlGaAs is the best high bandgap material to use, because it is 
almost perfectly lattice-matched to GaAs. 

Liquid-phase epitaxy (LPE) has been used to grow some of the best 
AlGaAs on record, but Oll/VPE is better for high throughput solar 
cell processing. 


: technical PROBLEMS: 

Incorporation of oxygen into AlGaAs, especially with Om/VPE. 
This is why high bandgap cells have not turned out very well 
thus far. 


- ~Z"z\~ A. AL’EnNATIVES: 

Split the spectrum two ways instead of three, use lower bandgap 
AlGaAs . 





. w < • W . W w 


High bandgap AlGaAs cells are much closer to being realized than, 
sav. the monolithic mul t i junct ion cell. These cells could be 
acceptable by OM ITE in the early 1980s. 


. r.c waveier.w'h lir.*:* 
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OmOlNAL PAGE IS 
OF POOR QUALITY 

LARGE SPACE POWER SYSTEM COMPONENTS CHARACTERISTIC DATA SHEET 

PART A - PHYSICAL 


COMPONENT 

NAME Hieh bandar.D cell 

Page 3 of 4 




FUNCTION 

Efficient conversion of upper part 

of AMO spectrum. 





PHYSICAL DESCRIPTION 

. ■ ■ - ■ - - Ag grid 

p+GaAs 

2.95 eV AlGaAs window 

1.95 eV p AlGaAs 

1.95 eV n 

GaAs substrate 


PARAMETRIC ANALYSIS RESULTS 

At 50 sum, 125°C, 1.5 yum diff . 

length 

4.5 yum grid line width' 

290 yum grid spacing ^ 

p- junction depth * 0.7 yum 


I PHYSICAL DEVELOPMENT PROJECTIONS 



STATE OF 

PROJECTION 

ACHIEVABLE 

CHARACTERISTIC 

THE ARl 

FOR 1990 

CA_^ABILm’ 

Size (cm X cm) 

1.5 X 3.0 cm 

1.5 X 3.0 cm 

large as boule 

Thickness (yum) 

400 yum 

300-400 yum 

250 yum 

Mass (g) 

1.0 

0.75-1.0 

0.6g for 1.5 X 

Substrate Thermal 



3 cm 

! Conductivity 




i (W/cm-°K) 

0.3 

0.3 

0.3 (GaAs) 

'Space Radiation Dam- 

1 



: age EOL/BOL ! 

0.5 ^im dif f . 

1.5 yum diff. 

perhaps 3 yum 

1 1 g 1 

, laiO^® 1 MeV 1 

electron dose ' 

1 

1 lengths 

1 1 

lengths 

diffusion 
lengths 1 


z. " :o*: ::;.7Er. i al/contigurytion character istics 

metal grid on cell. Vacuum solder to package. 


M.r. .• .• •N-IZr.RATlCNS 
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;urOri:.:ANCi: DFA HLOPMENT projections 125®C, so suns, O.SA? cm cell 



• ST.ATEOF 

1 PROJECTION 

1 .ACHI::\.AE 

C'HAHACTKmrr’.C 

! THE .ART 

' FOR 11! 90 

* c.Ar.-.r!L:: 


- c.u.-. - V ^ 

'oc 

‘ fMX 

-T? 


. . — r •ho*jr? 


rn/o^ 


I 1.26 V 

No data available 1.5 V 

on this level 0.41 ai 


I of spec dm 
! splitting 


0.41 amp 
0.49 watt 
12. 8X * 


0.388 

0.023% 

o.. 


about 10% 
higher current 
and power, with 
associated gain 
in efficiency 




DEFINITION OF TECHNOLOGY REOUIREMENT 

TgCHHQLQGY REQUIREMENT mTLB: TYPE II Pag«1 Of J 

Orango»Rod R— domo Solar Coll (650-900 mimJ 
2. TECHNOLOGY CATEGORY: Photovoltaic convortora 

OSJECTIVE'AOVANCEMEHT required: offlelohev 


CURRENT STATE OF ART: GaAa aolar collo can nraaontlv bo 

fabricatod with accoptablo offlcloncioa for thia taak. 

5. DESCRIPTION OF TECHNOLOGY: 

Coll for ald-rango of apoctrua. 

* • 

Organoaottalic vapor-phase epitaxy (0M/VPiS) should be used 
to grow a GaAs Junction on an N<f GaAs substrate. Then an 
AlGaAs window (bandgap >2 eV or so) should be grown on top. 


c. RATIONALE AND ANALYSIS. 


GaAs is ideally suited for this range of the spectrum. 
AlGaAs with A1 concentration >50% is sufficient for window. 


ORIGINAL PAGE IS 
OF POOR QUALITY 


DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLE): 


2 of 4 


7 TECHNOLOGY OPTIONS: 

A GaAs cell Is best suited for this range of the spectrum. 
Technology is fairly well developed because GaAs Is presently 
used as a full-spectrum cell, so no other material Is likely 
to replace GaAs. 

Liquid phase epitaxy (LPE) can be used to fabricate GaAs 
solar cell? but OM/VPE Is best for reproducible, high 
throughput cell growth. 


’ECHNICAL PROBLEMS. 


Presently, some oxygen can find its way into the AlGaAs window 
with Om/VPE, but this may not be a severe limitation. 

Ohmic contacts could be better on p-t- GaAs (which always caps 
the AlGaAs window), used In p on n cells, udilch are easier to fa b. 

- L”EnNATIVES; 

This Is the assist III-V cell to fabricate and is likely to be 
used In any spectrum-splitting scheme, unless a move difficult 
technology were employed (e.g. , SI and AlGaAs for 2-cell spec- 
trum splitting) . 


==0GRAMS CP UNPERT'J===C 'ECHNOLOG'’' ArV-*,rEVE‘.” 

GaAs solar cell is now close to realizing its full potential. 
This component will be ready before either the high bandgap 
(Type I) AlGaAs cell, or the low bandgap (Typo III) cell. 


■e--~h: c'-CG'^ =ecuipeve*-s 

Cover slides for heat (long wavelength light) rejection. The 
technology for this does exist (See #11 under Type I cells) . 
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LARGE SPACE POWER SYSTEM COMPONENTS CHARACTERISTIC DATA SHEET 

PART A - PHYSICAL 


COMPONENT NAME Mid-spectrum cell, Type II ' Page 3 of 4 


FUNCTION Efficient conversion of middle part of AIKS spectrum 



PHYSICAL DESCRIPTION 

> f r-ip - Ag mecal grid 

GaAs 


'^2 eV AlGaAs window 


GaAs 


n-GaAs 


GaAs substrate 


PARAMETRIC ANALYSIS RESULTS 

A+ 50 suns, 125^C, 1.6 fxm 
diff, length 

4.5 urn gridline width , metal 
290 nm grid spacing 
p-J unction depth-0.7 nm 


PHYSICAL DEVELOPMENT PROJECTIONS 


CHARACTERISTIC 

STATE OF 
THE ART 

PROJECTION 

ACHIEVABLE 

FOR 1990 

CAPABILITl’ 

size (cm x cm) 

1.5 X 3.0 cm 

1.5 X 3.0 cm 

large as boule 

thickness (pm) 

400 urn 

300-400 ;xm 

250 iim 

mass (g) 

1.0 

0.75-1.0 

0.6g for 1. 5x 




3 cm 

substrate thermal 
conductivity (W/cm K) 

0.3 

0.3 

0.3 (GaAs) 

Space Radiation Dam> 
age (EOL/BOL)®1016 

1 urn diff 

1. 5 pim diff 

perhaps 3 nm 

electron dose 

lengths 

lengths 

diff usloh 
lengths 




METALLI ZATION .MATER lAL/COKFIGURATION'CHARACTER ISTICS 
Ag metal grid on cell. Vacuum solder to package. 


MATERIAL CO.NSIDERATIONS 
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ORIGINAL PAGE fS 
OF POOR QUALITY 


xi,.... .'i .\ci; ro'.vc?. svstf:m comi'Om:nt? CHA:;.\CTi:i;:sTU 

PAJ’T n - PF.IU OrtMANCi: 



> C" :;.\L CIIAilACTr.UlSTiCP Photovoltaic conversion at 125*^C, 
50 luna fo r middle part of AMO spectrum. 




i’.iopj.:. 


CiiAi{ACTKRISTlC 


• o, -.a.-. 

. .rrcs: C4»3r.it!:\ 

^tVQkJL 

**Trr ho-irj. 


:NT PROJECTIONS 125®C, 50 suns, 0.847 cm cell 


STATE OF 
THE ART 


no date on a 
spectrum - 
split all but 
present resul 
are not far 
from the 1990 
projections 
at right 



• as % of total solar power 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


TECHNOLOGY REQUIREMENT {TITLE: 

IR Rcfpona* Solar Call (900 nm - 1200 nm 


TECHNOLOGY CATEGORY: Phocovolcalc Convartar 

CBJECTIVE'AOVANCEMENT REQUIRED: ■ .tfficJ 


Page 1 of 


hava baan madt. but tachnolo 


‘ DESCRIPTION OF TECHNOLOGY- 


Low bandgap, low-volcaga call. 

Organonacalllc vapor-phata epitaxy (OM/VPE) should be used to grow 
a 1.11 aV CaAs ^^Sb junction lattica-gr'*<*ed to a GaAs substrata. 

An appropriate AlGaAs window (bandgap > l.S aV or so) should be grown 
on top. 


* RA*'!CNAL= AND ANALYSiS. 

Low bandgap cell should convert low-energy photons, i.e., reduce 
"red loss." 
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1. technology requirement (TITLE); Low b«nd««p ctll. Typ# III Page 2 of A 


7. technology OPTIONS: 

This study will center on the OM/VPE-grown CeAeSb cell lettice-greded to 
GeAe, having I. 11 eV bandgap at 30^C. Silicon la an obvious alternative 
to GaAaSb and would present fetrar process problems, but since Varlan is 
better equipped to study III-V cells, this study will center on CaAsSb. 



= "rC-\CLCGV =ECUlP£VrN''S 

Nothing chat ocher solar cells do not require. 
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LARGE SPACE POWER SYSTEM COMPONENTS CHARACTERISTIC DATA SHEET 

PART A - PHYSICAL 


COMPONENT NAME Low bandgap cell. Type III 


Page 3 of 4 


FUNCTION Efficient conversion of long^vavelength part of AM0 spectnim. 


Pffi'SICAL DESCRIPTION 


p-H GaAs 


• Ag grid 


> I . S eV AlGaAs vludov 


p-GaAsSb 


n-GaAsSb 

and grading* layer 
GaAs substrate 


PARAMETRIC ANALYSIS RESULTS 


At 50 suns, 125°C, 1.5 yum diff. 

length 

4.5 iim grid line width ^ , 

_ - - . , . > metal 

290 /im grid spacing 

p-junction depth “0.7 yum 


PHYSICAL DEVELOPMENT PROJECTIONS 


CHARACTERISTIC 


STATE OF 
THE ART 


PROJECTION 
FOR 1990 


ACHIEVABLE 

CAPABILITY 


Size (cm X cm) 
Thickness {fxm) 

Mass (g) 

Substrate thermal con- 
ductivity (W/cm-^K) 

Space Radiation Damage 
(EOL/BOL) 


1.5 X 3.0 cm 
400 yum 
1.0 
0.3 

<1.0 yum diff. 


3 ^6 

-1Q_ I MaV electron dbse _j ^en£tj^ 


1.5 X 3.0 cm 
300-400 yum 
0.75-1.0 
0.3 


1.5 yum diff 


large as boule 
250 yjm 

0.6 g for 1.5x3 ciji 
0.3 (GaAs) 


Perhaps 3 yum diff. 
len^hs 


METALLIZATION MATERIAL/CONFIGURATION/CHARACTERISTICS 
Ag metal grid on cell. Vacuum solder to package. 


i MATERIAL COxXSIDERATIONS 


! 
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•OPJ.lANCfc; DEVELOPMENT PROJECTIONS 125°C, 50 suns, 0.847 cm cell ’ 


Ci:Al:\CTF.RIST!C 


bT.ATE OF 
THE ART 



GaAsSb cells 


(1.15 eV bandgap 

.•rrcn: —T 

at 30^0 have 


been grown with 


1 

- — .. ' 

lattice-constant 

i 

**T2? Hc*ir5‘ 

grading to GaAs, 
but efficiency is 

1 - Ouireu“*X^ 

poor due to 

1 

1 

i \ 

i » 

1 

dislocations. 

1 

1 

1 

1 


PROJECTION 

FOR 


0.45 V 
0.57 V 
0.31 amp 
0. 13 watt 
3.42% * 


0.287 amp 
0 . 011 % 


ACHir:\ ABLi: 
CAPABILITV 


about 10% 
higher current 
and power, with 
associated gain 
in efficiency. 


* as % of total solar power. 
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DEFINITION OP TECHNOLOGY REQUIREMEN 


1 TECHNOLOGY REQUIREMENT (TITLE): 

Full-Soectrum Response Multibandsap Monolithic 


Page i et _4 


2 TECHNOLOGY CATEGORY: Photovoltaic Converters 

. OBJECTIVE/AOVANCEMEN-r REQUIRED: high-ef f iciencY conver 
air mass 0 and space operating condition 


■» CURRENT STATE OF ART: Single-.l unction GnAs cells with AlGaA 


5 DESCRIPTION OF TECHNOLOGY- 


Organomettallc vapor-phase epitaxial 
(Om/'VPE) growth of 3-cell monolithic 
stock as shown at right. Substrate is 
« 400 pm thick and the active layers 
and lattice-constant grading add 
another 35-40 microns. 


p-f GaAa _ _ . _ 

window — a 2.7b eV A 1A5SH, l'_ 

{ 2.01 eV ATCaAsSb, P 

‘ \ e_Vj n _ 

. . \ n-t 

tunnol jcn > 

K^4 eV^ n _ 

tunnel \cw ^ ~ ‘ 

l7 r9^*y' t;aAsSb,T“'^ 
.M I . I Q , n and 

V lattjye jjradlni; 

n-f Cl.iAs .substrate 


tunnel \cw ^ 
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DEFINITION OF TECHNOLOGY REOUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLE): Multlbandgao cell Page 2 of 4 


7. TECHNOLOGY OPTIONS: 

If lattice constant grading proves to give unacceptably ] 

high defect density, bulk sensory crystals may be developed 
which could serve as substrates with arbitrary lattice con- 
stant. They would be much more expensive than GaAs. 


TECHNICAL PROBLEMS. 

Lattice constant grading now gives too high a defect density. 
Also, any kind of III-V alloy with A1 presently grown has an 
oxygen problem. A1 is necessary for a wide bandgap range. 


? =CTENTiAL ALTERNATIVES- 

Two-junction cells, iLttice matched to binary III-V substrates 
(e.g., AlGaAs on GaAs) can be fabricated but will be less efficient 
than the proposed AlGaAsSb cell. 


•' Planned programs or unperturbed technology advascemen' 

Present work aimed toward improving lattice-constant grading, 
growing AlGaAs, GaAsSb, etc., growing good tunnel junctions, 
fabricating good GaAs and AlGaAs solar cells. These "pieces" 
are not yet good enough for MJ cell to be attempted. 


•• =E>a’=3 ’ECHnOLOGY requirements 

Successful fabrication of each vital "piece" of the multi- 
junction cell, see (10). 
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LARGE SPACE POWEH SYSTEM COMPONENTS CHARACTERISTIC DATA SHEET 

PART A - PHYSICAL 


COMPONENT 

NAME Hultlbandgap cell 

page 3 of 4 




FUNCTION 

hlgh-eff iclency conversion, amo 



• • 



PHYSICAL DESCRIPTION 
AlGoAsSb cell on GaAs, see 
drawing in (5), P. 1 


PARAMETRIC ANALYSIS RESULTS 

4.5 grid line width^ metal- 
290 fim grid spacing lization 
for 50 suns. 

1250C, 1.5 Jim 

diff. length 

p-layer thlckness-0. 7 /im 
ti-layer thlckness-1.0 
(except bottom) 


PHYSICAL DEVELOPMENT PROJECTIONS 


CHARACTERISTIC 

STATE OF 
THE ART 

PROJECTION 
FOR 1990 

ACHIEVABLE 

CAPABILITY 

size (cm x cm) 

1. 5x3.0 cm 

1.5 X 3.0 cm 

largo as boule 

thickness ( pm) 

400 fim 

300-*400 

25(j pm 

Mass (g) 

l.Og 

0.75-1.0g 

0.6g for 1.5 
x3 cm 

Substrate thermal 
conduct ivity(W/cnPK) 
Space Radiation 

0.3 

0.3 

0.3 (GaAs) 

Daiaage EOL/BOL 

1 MeV elec, dose 

0.5 pm diff. 
leneths 

1.5pm diff 
1 lengths 



METALLIZATION MATER I AL ^CONFIGURATION CHARACTERISTICS 
Ag metal grid on cell. Cell is vacuum-soldered to package. 


M AT E R1 A L CO NSID E RATIONS 

Some solders could be Jeopardized at too high a cell temper- 
ature (e.g., Ag-Su eutectic volts at 221°C) . 
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I A . ; i •(. I ; A : M NA i; Multlbandyap cell Page 4 of 4 


; NCTlOr.AL ClIAUACTr.RlSTIC? Hlgh-efflclency photovoltaic 
conversion at 125^0, 50 suns 


I’Kill ORMANCt: DEVELOPMENT PROJECTIONS 



STATE OF 

PROJECTION i 

ACMI-AAni.! 

(• HA HACT ERISTIC 

THE ART 

FOR UiSO 1 

CAI'Ai-’LITV 


low bandgap 

2.8 V 

2.9v 

■ a,, - o.-j--* 

. .rrcn: — T 

*p 

GaAsSb cells, 
lattice-gradec 
to GaAs, have 
been grown but 
efficiency is 

1 

3.3 V 
.33 amp 
. 92 watt 1 

24% ; 

3.3 V 
.409 amp 
1.02 watt 

26.5% 

?*Trr ho'jrs- 

poor due to 




dislocation. 

1 

.318 amp 

1 . 394 amp 

t 

1 

{ 

1 

1 

i 

. 056%/oq 

1 .04 

1 

1 

! 

1 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLE: Modular S mall Aperture Pace 1 of_ 

Concentrator . — — 

2. TECHNOLOGY CATEGORY: 

3. OBJECTIVE/AOVANCEMENT REQUIRED: For 25 ^ efficient multibandgan 

cells, a design having 1 Kg/m^ specific mass, capable of 

holding the cell temperature below 125°C. 

4. CURRENT STATE OF ART: Study activity to develop concepts and 

conduct trade studies. 


5. DESCRIPTION OF TECHNOLOGY: 

Activity is under way to develop multibandgap cells with the 
. required efficiency at about_ 125°C._ Low. light loss modular 
concentrator designs with single reflections should be exaun- 
ined to develop geometries with a high degree of isolation 
uniformity over the^cell surface and pointing error insensi- 
tivity. The 100 cm^ aperture is sized to permit passive 
low cell temperature, a reasonable cell size for handling 
and manufacture. It also allows for two cell geometries 
should the multibandgap cell fail to become available. 


6. RATIONALE AND ANALYSIS: 

The required small concentrators represent the least costly 
approach for meeting the 1990' s power needs. Cost will be of 
utmost significance in enabling the large power missions, 
since they must compete with alternate terrest ial ly-based 
solutions. Further, the modular concentrators should be 
safer, may have lower plasma losses, should be less sensitive 
to radiation, and should be more compatible with DOD threat 
survivability needs. 




DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLE): Modular Small Aperture Page 2 of 
Concentrator. 


7. TECHNOLOGY OPTIONS: 

Develop the concentrator module using one of several geometries 
such as: • 

1. Modular Nested Trough 

2. Modular Off-Axis Parabola 

3. Modular Small Cassegrainian 


8. TECHNICAL PROBLEMS; 

a. Optical design for lowest light loss, most even insolation 
across the cell face, and 

b. Thermal mirror radiator design for lowest mass at 125°C 
cell temperature. 


9 POTENTIAL ALTERNATIVES; 

a. A thermophotovoltaic module 

b. Planar arrays. 


’0 PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT 

NASA and DOD plans for development in this area appear to have settled 
initially on modular cassegrainian solutions. Light losses 
which may be avoidable result. Further study is required to 
limit losses. 


* 1 RELATED TECHNOLOGY REQUIREMENTS. 

a. Multibandgap cell development. 

b. Truss beambuilder development. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


CEriNiTCN OF TcCHNOLCGY nSCUIREMEN' 


1. TSCHNOLCGY FECU1REMEN7 (TITLS: Modular Small Aperture 
Concentrator 


12. TSCHNOLCGY RECUIRE.VIENTS SCHEDULE; 


SCHEDULE ITEM 


TECHNOLOGY CONCEPT 
PROOFING 


CALENDAR YEAR 


! *9 1 30 1 SI I S: I !3 I I i5 1 S6I 3? ; S3 1 S9 I 90 



I 0 A Further Concept Studiejs 
, 0 B Design Studies (2) ' 

1 LDEF Test Article Dev. 

; LDEF Flight Evaluation 

• i 


1 FLIGHT PROGRAM j 
1 Flight Article Design 
and Fabrication 
Space Construction 
Developnent in Space i 
'Space As^ - Operational ' 
Hardware ' 1 


13. USAGE SCHEDULE' 


I TECHNOLOGY SEED DATE 


; NUMBER OF LJ^L•NCHES 


U hEFERENCcS 

1. Concentrating Photovoltaics - A viable candidate for the 
next generation of Air Force Satellite Power Systems, 

Jack W. Geis, Proceedings of the 15th Intersociety Energy 
1 Conversion Conference, Vol . 1, page 363. 


15. LE'/EL OF STATS OF THE ART: 

I. Sasic phenomena coserved and 
reconed 

@ Theory formulated to descrioe 
anenomena 

^/We<^ Sy f rv?sfca^ *ifoenment 
or mathematical mcdei 

i Pertinent functions or characteristic 
demonstrated, e.?.. material, 
camoonent 


5. Oomponent or Oreadboard>tested in 
relevant environment in laOorator/ 

6 . Model tested in aircraft environment 

7. Model tested in space environment 

8 . New capaoility derived from a much 
lesser operational model 

9. ReiiaOility upgrading of an coera* 
tional model 

10. Lifetime extension of an cce^ationai 
model 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLS: Low Mass Ga Til urn Page 1 of J 

Arsenide Planar Array Blanket and Cells 


2. TECHNOLOGY CATEGORY: Power Generation 

3. OBJECTIVE/AOVANCEMENT REQUIRED: A Low-Mass Gallium Arsenide Blanket, 
for use In East Electric Transfer (Space T 


4. CURRENT STATE OF ART: 


5. DESCRIPTION OF TECHNOLOGY; 

50 micrometer thick gallium arsenide cells on a Kapton blanket. 


6. RATIONALE AND ANALYSIS; 

This appears to be the lowest mass approach for this mission, and, when 
combined with on-array annealing, is a viable technology for missions 
which spend extended times in the radiation belts. 





r 

t 


DEFINITION OF TECHNOLOGY REOUIREMENT 



= potential ALTERNATIVES: 
Heavier modular concentrators. 


•C PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT 

Gallium Arsenide technology may not continue for other missions because 
of Its high cost. 

I *1 RELATED TECHNOLOGY REOUIREMENTS; 

None. 
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I 




f 



i 


✓ 


0EF1NIT1CN OF TECHNOLCGY RECU1REMEN7 

No. 1 

1. TECHNOLOGY REOUIREMENTHTTLS); Low Mass Gallium 

Page 3 of 3 i 

Arsenide Planar Arrav Blanket and Cells 

1 

i 12. TECHNOLCGY REQUIREMENTS SCHEDULE: 

1 

! CALENDAR YEAR 

1 

! SCHEDULE ITS.M 1 1 1 2 1 Sl 4l 5! 6l 7l 8 1 9 1 lOl 111 12l 13 

141 ISl 16l 171 18i 19i 


TECHNOLOGY 
Cell Development 
B1 anket/ Interconnect 
Concept Studies 
Prototype Blanket 

Flight Blanket 

Injection and Fllgh’. 
on a Small Spacecr^v't 

I Space Tug Development 


13. USAGE SCHEOULE: 


TECHNOLOGY SEED DATE 


— 1 — 





1 

1 


n 

r 


□ 

n 

total 1 

1 I 

NUMBER OF LAL*NCHES 



J 


u 



1 

u 

L 


1 

_j 

u 

L 


i 


1 


U. REFERENCES 



15. LEVEL OF STATE OF THE ART; 

•. Basic pnenomens cbserved and 
reported 

I 2. Thecry formulated to describe 
I prienomena 

1 3. Theory tested by cnysicai exoenment 

I cr matnematicai model 

I i Peninent functions or charactenstic 
oemonstrattc. e.g.. material, 

' comoonent 


1 Component or breadboard*testec m | 
relevant environment in laboratory 

6. Model tested in aircraft environment | 

7. Model tested in space environment | 

8. New capability denved from a muc.n i 

lesser operational model | 

9. Reliability upgrading cf an opera- 

tionai model | 

10. Lifetime extension of an operational 

model I 

les; n“ 
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DEFINITION OF TECHNOLOGY REOUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLa: Space Fabricated Truss Pao« i of J. 
for Solar Array Support 


Z TECHNOLOGY CATEGORY: Powar Genaratlon 

c. OBJECnvE/AOVANCEMEN.T REQUIRED: cation of Truss Beams 

1n Space for Support of Solar Array Modules Made by a Robotic Beatnbullder. 


4. CURRENT STATE OF ART: Deployable beams In development at General Dynamics. 


Fabricated beams developed at MSFC/Grunman. 


5. DESCRIPTION OF TECHNOLOGY: 

Trusses made by a robotic truss beambuHder which fabricates, from rolls 
— of graphite epoxy mtedal ^ .truss jwrbws wjth.j lovLjms per unit • 
length (<1 Kg/m). 


6. rationale and analysis. 

Beambullders utilizing aluminum and graphite epoxy have been studied 
extensively by Grumman and General Dynamics. The beams themselves should 
weigh about half as much as comparable deployable beams with heavy fitting 
and hinges. Total mas> savings are about 15 to 20X of the total array 
mass. 
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DEFINITION OF TECHNOLOGY REQUIREMENT 





1. TECHNOLOGY REQUIREMENT (TITLa: Spact Fabricated Truss Pag# 2 of 

for Solar Array Support 

7. TECHNOLOGY OPTIONS: 

Altarnatt mattrials axist with varying degrees of strength. 


8. TECHNICAL PROBLEMS; 

An aluminum beam fabricator has been demonstrated. 


S POTENTIAL ALTERNATIVES; 

1. OeployabU* trusses (about lOOf heavier). 

2. Aluminum ripace Fabricated Trusses (about 501 heavier for the 
same strength). 

•0 planned programs or unperturbed technology advancement 
P lans for this technology exist but are on hold at this time. 


* 1 related technology REQUIREMENTS. 

1. Astronaut-Control led Traisporter and Installer for Space-Installed 
Photovoltaic Array Modules. 

I 


1 


1 


i 

I 

U 

i 

i 

j 

1 


1 

i 


3 
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I CE=1NmCN OF TeCHNOLCGYREGUIREMeNT No. 

i 1. TcCHNOUCGV secU!flEMSNT(TrrL3; Space Fabricated Truss Page 3 of 3 

I for Solar Array Support 


i 12. TSCHNOLCGY a&GUiREMENTS SCHEDULE: 


YEAR 


1 SCHEDULE 1TS.M j 

li 

2 

3 

4 

5 

6 

7 18 1 

9 iiaiii 

12|l3tL4 15|16|L7 

18_ 

19_ 

1 TECHNOLOGY j 

i Key Beambuilder Sub- j 
system Development 

Beambuilder System 

Mission Equipment 
Development 

1 




FI 

V 

gh 

E 

1 

J 

'’lit 

7 

1 

ent 

FI 

1 

igf 

t 







1 




1 

1 









Space Fabricated 
Demo Module 

j 

i Space Demonstration 
i of Demo 

i 

i 

i 

1 

1 

1 

1 

1 





1 

1 

1 

1 


J 




1 

1 

1 

1 


j 

j 

1 

1 1 
I 

•! 


i ■ 
1 ! 

1 13. USAGE SCHEDULE: j 

1 TECHNOLOGY NEED DATE 


1 1 

1 


1 


1 

1 

1 

1 


!. 




total 

! 

j NT-'MBEE OF LALTICHES 



1 1 
1 1 

L 

L 

L 


L 

i 

1 


i 

11 

i_ 

1 



U. REFERENCES 


Final Report - Space Construction Automated Fabricated Experiment 
Definition Study (5CAFEDS) - Contract NAS9-15310 - 
General Dynamics/Convair Division. 


15. LEVEL OF STATE OF THE ART; 

I. Sasic otK^nomena coserved and 
reoored 

I 2. Tbecry formulated to describe 
I pnenomena 

! /^Theory tasted by :*tv8icai sxoenment 
I — or matnernaticai ncdei 

I Pertinent functions or cfiaractenstic 

] oemonstrateo. e.g.. matenai, 

■ comoonent 


1 Comoonent or breadboard-tested in 
relevant environment in laboratory 

6. Model tested in aircraft environment 

7. Model tested in space environment 

3. New cacaoility denved from a mucn 
lesser ooeratiurai mooei 

9. Reliability uograoi.^g of an ooera- 
tional model 

10. Lifetime extension of an coeraticnai 
model 


MS2-*e 


DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLa: Flywheel Inertia Page i of J 

Storage Module 

I Z TECHNOLOGY CATEGORY: Energy Storage 

3. nR-iPr.Ti\yp;AnvAMrPMPMTPcniiippn- A 20-year LEO cycle life energy 

storage system. 

4 CURRENT STATE OF ART- flywheels for automobiles will have specific 
energies of 20-40 wt-hr/kg. 


5. DESCRIPTION OF TECHNOLOGY; 

Kevlar 49® composite flywheel rotor, with magnetic bearings and 
brushless .DC motor generator,. . 


6. RATIONALE AND ANALYSIS; 

The 80,000 eclipse cycles the Space Construction Facility will see over 
its 20-year life make a storage medium which has extended cycle life 
beneficial life cycle mass would be lowest for this approach, for a 
relatively low risk system. 


. - ■ ] 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TTrLE): Flywheel Inertia Page 2 of 3 

Storage Modules 

7. TECHNOLOGY OPTIONS; 

The rotor design can be axially wound, or perhaps a brush type. The 
axial winding would be safer— probably a significant discriminator. 


8. TECHNICAL PROBLEMS; 

The entire system requires a predesign study to validate the concept. 
Jn.ftdditipn, the angular momentum interaction will require opposing 
modules to avoid unfavorable spa'cecrJ ft 'interaction.' 


9. POTENTIAL ALTERNATIVES; 

Sodium sulfur liquid mode batteries. 


10. PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT: 

DOE- automobile technology will develop the rotor designs, but NASA funding 
is required for the magnetic bearing activity and for the thermal aspects 
of'the motor/generator design. - • - - - 


11. RELATED TECHNOLOGY REQUIREMENTS; 

This activity is related to control of the structure bending modes and 
angular orientation. 






YEAR 


SCHEOULS ITI.M I il 2l 3l 4l 5! 6l 71 3l 9 i lOl 111 12l I3l Ul 151 I6l 17l ISl 19! 


TeCHNOLOGY j 

Concept Definition 
Studies j 

Phototype Development ■ 

Prototype Accelerated 
Life Testing 


I 

Flight Article 
Development 

IOC In*Space Module 
Evaluation 

Operational Deployment 
Availability ' 

^ I 


13. USAGE SCHEDULE: 


TECHNOLOGY NEED DATE 


.NUMBER OF L.4L-NCHES 


14 . RErSnENCcS 

Flywheel components for satellite applications, A.R. Millner, Lincoln 
Laboratory. Technical Note 1978-4, Massachusetts Institute of Technology. 



15. LEVEL OF STATS OF THE ART; 

I I. Sasic pnenomena cOser/td and 
reoored 

I 2. Theory formulated to descnbe 

j anenomena 

! Theory tasted by anystcal sxcenment 

or matnematicai mcdei 

I Fsrtinem functions or characteristic 

semonstratec, e.g.. matenaj. 
ccmconem 


& Component or breadboard*tested in 
relevant environment in laborator/ 

6. Model tested in aircraft environment 

7. Model tested in soace environment 

8. New eapaoiiity derrved from a mucn 
lesser operational model 

9. Reliability uograding of an ocera- 
tionai model 

iQ. Lifetime extension of an ocerationai 
model 







I 

3 


OERNITION OF TECHNOLCOY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLS: Sodi-m Sulfur Batteries Paaa i of J 


2. TECHNOLOGY CATEGORY: Energy Storage 

3. OSJECnVE/AOVANCEMENT REQUIRED: High Specific Energy 

(100-150 Wt-hr/kg) batteries - with very 

high cycle life - 10,000-30,000 cycles. 

4 . CURRENT STATE OF ART: NiCad and NiH batteries at 10-30 wt-hr/kg and 

5,000 cycles. 


5. DESCRIPTION OF TECHNOLOGY: 

Liquid sodium sulfur batteries operating at 300-400°C have the potential 
" to" be able to sustain many cycl e s~ arrd -have- hi gh-s pec i fTC ~ energies. 

However, the development of corrosion-proof container platings using 
rutile titanium, molybdenum, or chromium, followed by extensive life-cycle 
testing is required. 


6. RATIONALE AND ANALYSIS; 

Batteries operating with liquid electrolytes have the potential for 
extended cycle life, and this study has shown there would be significant 
mass and cost benefits from this development (about a 50X life-cycle 
cost and mass savings). 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


DEFINITION OF TECHNOLOGY REQUIREMENT 

1. TECHNOLOGY REQUIREMENT (TITLE): Sodium Sulfur Pag* 2 of 3 

Batteri es 

7. TECHNOLOGY OPTIONS: 

Alternative platings and alternative seals. 


8. TECHNICAL PROBLEMS; 

V.‘ Thermal control to -stabilize the batteries at their operating 
temperature, after a frozen launch. 

2. Proof-of-cycl^iifeT 

9. POTENTIAL ALTERNATIVES: 

Flywheel inertia energy storage. 

10. PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT; 

The Air Force high energy density battery storage program should 
develop this technology. _ . _ 

11. REUTED technology REQUIREMENTS; 

Development of mostly Dassive thermal control systems. 









U. REFEHENCES 

High Energy Density (HED) Rechargeable battery for satellite applications, 
Contract F33615-79-C-2044, Hughes Aircraft Company. Quarterly Meeting. 


11 LEVEL OF STATE OF THE ART: 

1. Saaic phenomena obaarved and 
rtoortad 

2. Theory formulated to deacnbe 
phenomena 

3. Theory tested by pnysical expenment 
or mathematical model 

1 Pertinent functions or characteristic 
oemonstrated. e.g.. material, 
comoonent 


1 Ccmponent or breadboard*tested in 
relevant environment in laboratory 

6. Model tasted in aircraft environment 

7. Model tested in soaca environment 

8. New caoabili^ derived from a much 
lesser ooerationai moeei 

9. P.a<iability uograding of an ooera* 
tionai model 

10. Lifetime extension of an ooerationai 
model 


B- 









DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLa! Astronaut Controlled Pag* i of J 

Transporter and Installer for Space Assembled Photovoltaic Array Modulas 

1 TECHNOLOGY CATEGORY: Power Generation 

3. OBJECnvBAOVANCEMEN.T REQUIRED: Photovoltaic Array mod ules must be 
installed onto the truss support frame to facilitate their final use in 
generating power. 

4. CURRENT STATE OF ART: Solar Array panels are all installed and 

Interconnected terrestrially. 


5. DESCRIPTION OF TECHNOLOGY: 

After the truss frame work has been fabricated and interconnected by the 
— Space Construction Faci.litxXSCFL.Q.rgw,_a machine j5_CMui red to transport 
the array modules from the cargo containers attached to the SCF, out onto 
the truss frame. There, they must be attached at both ends to the truss 
members and electrically connected. 


6. RATIONALE AND ANALYSIS: 

The routine task of transporting Photovoltaic Array modules and then 
attaching them to the truss framework requires a machine to assist with 
the transportation and installation. The degree of robotics could be 
minimal, human direction of the process is a distinct possibility. 
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DEFINITION OF TECHNOLOGY REQUIREMENT 

1. TECHNOLOGY REQUIREMENT flTTLE): Astronaut Controlled Pag* 2 of 3 

Transporter and Installer for Space Installed Photovoltaic Array Modules 

7. TECHNOLOGY OPTIONS; 

Human vs. robotic control requires study. Time and motion analysis Is 
needed. Modules might come attached In widths equal to the width between 
truss beams, or, the machine might attach modules at their final location. 
One machine may span the trusses, or two may be used. 


a. TECHNICAL PROBLEMS; 

This requirement requires a full-scale study to begin Its Implementation. 


9. POTENTIAL ALTERNATIVES; 

The entire assembly process could be done entirely by astronauts— but 
probably more expensively. 


10. PLANNED PROGRAMS OR UNPERTURBED i SCHNOLOGY ADVANCEMENT; 
None. 


11. RELATED TECHNOLOGY REQUIREMENTS; 

Space-fabricated truss for solar array support. 
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14 . REFSRENCSS 

Space Construction Automated Fabrication Experiment Definition Study 
(SCAFEDS) Part IV. Contract NAS 9-15310. General Oynamics/Convair Division. 


15. LEVEL OF STATE OF THE ART: 

1. Basic pnenomena observed and 
reporcad 

2. Theory formulated to describe 
pnenomena 

3. Theory tested by pnysicai exoenment 
or mathematical medal 

4 Pemnent functions or cnaractenstie 
cemcnstrated. e.;.. matenal, 
eomoonent 


1 Component or bresdboard*tested in 
relevant environment in laboratory 

6. Model tested in aircraft environment 

7. Model tested in space environment 

1 New capability derived from a much 
lesser operational model 

9. Reliability upgrading of an opera* 
Uonal model 

10. Lifetime extension of an operational 
model 
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DEFINITION OF TECHNOLOGY REOUIREMENT 

1. TECHNOLOGY REQUIHEMENTmTLa: Fault Toltrant, Low Mass PtQ«i otji 
DC Switching and Fault Isolation Mitrlx 
1 TECHNOLOGY CATEGORY: Powr Manaqwunt and Control 

3. OBJECnVBAOVANCEMENT REOUIREO: A fault tolerance, low mass 

switching matrix - single or <ju<1 fault tolerant - with on-array • 

regulation capabllltv. 

4. CURRENT STATE OF ART: DC low power switching using electromechanical 

components . 

5. DESCRIPTION OF TECHNOLOGY: 

Single and dual failure-tolerant designs for efficient, DC power on-array 
— regulation, a re_regui red .for_lon Eofliiie_BeaiD Supply .yoliage. control. • 
Ideally, the limited short-circuit current capability of the array - 
along with a limited complement of electromechanical switches - can be 
used to meet the requirements. 


8. rationale and ANALYSIS: 

Single and dual failure-tolerant designs for electromechanical DC 
switches for fault Isolation and on-array ion engine beams supply 
regulation would be heavy. AC masses are also high. Approaches which 
are low mass - and utilize the short-circuit capability of the array - 
may enable this technology. Benefits were shown to be significant 
mass savings if a hybrid approach using both regulated DC and AC for 
the systems can be developed. 
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DEFINITION OF TECHNOLOGY REOUIREMENT 


1. TECHNOLOGY REQUIREMENT (Tma: Fault To1«rant. Low Mass P«gt 2 of 3 

Of SMitchIng and Fault Isolation Matrix 



8. technical PROBLEMS: 

1. The specific Ion engine beam voltage range of regulation requirements 
should be developed. 

2. * A el-reult -analysis- -study should be conducted to validate the regulation 

approach, redundancy approach, and reliability goals to be targeted 
toward a more massive, a11 AC or all OC power management and control 
system, with AC or DC switches. 

9. potential ALTERNATIVES: 


10. planned programs OR UNPERTURBED TECHNOLOGY ADVANCEMENT. 
An on-array regulation study Is actively under way. 

11. RELATED TECHNOLOGY REOUIREMENTS: 

Ion engine beam supply voltage, current, and regulation goals. 
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CEF1NIT1CN OF rKHNOLCGY aECUlRB.MENT 

No. i 

1 . TECHNOLOGY aBCu:.RE.MENT(Tm.a; Fjyl; L0K ilAiS 

Rage 3 of 3 

DC Switching and Fault Isolation Matrix 


' 

1 12. TECHNOLOGY RSCUIREMENTS SCHEDULE: 

1 

! YEAR 

1 

! SCHEDULE ITI.M 1 1 1 2 1 3 1 4t S • 6l TI 8 1 9 i lOl 111 12l I3l 141 18l 16i 17t 181 19! 


tkhnoloqy 

On>Array Regulation 
Study 

Ion Engine Beam Supply 
Requirements Study 

DC Katrix Circuit Study 

Prototype Matrix 
Circuit Development 

Flight Matrix Design 

In-Flight Matrix 
Demonstration 

Release to Uiers 


Ilk 


I I 


1 I. 


11 USAGE SCHEOULL 


TECHNOLOGY SEED DATE 



i 




□ 

1 

1 


1 

! 


1 total! 

SUMBEE OF LALTICHES 

u 

L 


L 





1 

] 

LiIl 

L 

M 

_u 


U. REFEHENCES 


15. LEVEL OF STATE OF THE ART: 

I. Basic piienomena oosefved and 
reooned 

1 Theory formulated to describe 
pnenomens 

1 Theory tested oy pnysicsi txeenment 
or matnematicai nccei 

X Pertinent ‘unctions or cnaractenstic 
cemonstrsieo. e.g.. matenai. 
comoonem 


5. Component or tireadboard-testeo in 
relevant environment in laboratory 

6. Model tested in aircraft env rcnment 

7. Model tested in space environment 

8. New capability cenved from a muen 
lesser operational model 

9. Reiiaoiiity jograoinc of an coera- 
tionai model 

10. bletime extension of an oceraticnai 
model 


im: M 
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OEFINi |10N OF TECHNOLOGY REQUIREMeNT 

1. ■^MNOLOQY REQUIREMENT fTlTLa: PauU To1«r»nt AC Ptg« 1 of J 

Switching and Fault Isolation Matrix 
1 technology CATEGORY: Powtr Mgniggwtnt and Control 

3. OBJECnvOAOVANCEMENT REQUIRED: 2S rW Siztd Modults wjst b€ 

switched to achlgyg fault tol trance. 


4 . CURRENT STATE OF ART; DC low power switch on today's seteir.tg* using 
electroiwechenlcil switches. 


5, DESCRIPTION OF TECHNOLOGY: 

AC user loads require a switch matrix Interconnecting thef.i to the AC 
-- buses,, so. that- ;jser. faul ti or arra:'iOC-to.AC conyertec. faults can be 
switched out, with the remainder of the system continuing to operate 
correctly. Because high frequency AC changes direction quickly and each 
half cycle, thyristors can be used as these switches without the risk of 
thermal runaway in the event of a fault. 


6. rationale AND ANALYSIS: 

By ffludularizing the AC power management and control system to connect 
Solar Array Modules directly to the DC to AC split r.-cle converter 
modules, DC fau't isolation switching can be avoldev.. This means that 
► heavy fault isolating electromechanical single-failure tolerant 

switches can be eliminated ?rom the system, enabling a low-tnass switch 
. ing system. 
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0£F1NIT1ON OF TECHNOLOGY REQUIREMENT 

I. TECHNOLOGY REQUIREMENT (TniE): Tnlurant Af Page 2 Of 3 

■ SwUcriInq and Fault Isolation Matrix 

7. TECHNOLOGY OPTIONS: 

1. Thyristor switches or electromechanical switches. 

2. Singlf 0 * dual failure tolerant. 


8. TECHNICAL PROBLEMS; 

The required" degree of redundancy should be established by a reliability 
,analysi_s for 100 KWc to 10 MWe systems. 


9. POTENTIAL ALTERNATIVES: 

Electromechanical switches used in a DC distribution system. 


10. planned programs or unperturbed TECHNOLOGY ADVANCEMENT: 

Single and dual failure DC fault correcting and isolating switches for 
5 KWe-level ^witch-ing. . . . ...... — 

11. RELATED TECHNOLOGY.REQUIREMENTS; 


25 KWe split cyclo converters for AC power management and distribution. 









TeCHNOUOGY 

Reliability Requirement 
Study 

Prototype Switch 
Development 

Flight Article 
Development 


I 1 1 2 I 3 1 4 1 51 6 1 7l 3 I 9 I lOl 111 I21 13 14l 15l 16i 171 181 19! 


! 

n 


I 

> i 

^ i 

I 

Flight Demonstration 
Ready for Users 

' i 

f I 

» 


TICHNOLOCY SEED DATE 

NUMBER OF LAUNCHES 



U. REFERENCES 


15. LEVEL OF STATE OF THE ART; 

1. Sasic ohtnomena ooserved and 
reooned 

2. Thacr/ formulated to dcscnbe 
phenomena 

3. Theory tested oy crrysical sxoenment 
or mathematical model 

1 Pertinent functions or charactenstic 
oemonstratea e.g.. matenal, 
comoonent 


S. Component or breadPoard>tested in 
relevant environment in laboratory 

S. Model tested in aircraft environment 

7. Model tested in space environment 

8. New capability derived from a much 
lesser operational model 

9. Reliability upgrading of an coera- 
tlonal model 

10. Lifetime extension of an operational 
model 
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DEFINITION OF TECHNOLOGY REQUIREMENT 

1. TECHNOLOGY REQUIREMENT mTLfl: AC 25 KWe Powr Cycio Paoe 1 of J 
Converters for AC Power Distribution 

2. TECHNOLOGY CATEGORY: Pov<er Management and Control 

3. OBJECnVBAOVANCEMENT REQUIRED; 0pe>*ation a1 85 KW DC/AC and AC/DC 

split cycloconverter modules. 


4. CURRENT STATE OF ART: ]/2 KWe DC/DC Cycio Converters are operational 

in the laboratory. 


5. DESCRIPTION OF TECHNOLOGY; 

25 KW OC/DC Cycio Converter development is currently under way. This 
— .technalogy..actlvity.shQu.ld_tjfi complete^and.then.gx.tended..to include split 
cycio converter design, ultimately leading to array located DC/AC con- 
verters using rotary joint transformers for reliable, frictionless power 
transfer. 


6. RATIONALE AND ANALYSIS: 

Oeveloprcnt of this conceptual approach will enable AC power distribution 
and split cycio converters. These save system mass whenever one DC-AC 
converter can drive two AC-OC user supplies when compared to two OC/OC 
converters. Also, frictionless rotary power transfer across the space- 
craft orientation drive and power transfer assembly rotary joint is enabled 
by these modules when rotary transformers are used. 



I I 

i > 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT rnTLS: AC 25 KWe Power Cvclo . 
Converters for AC Power Distribution 

Paoe 2 of 3 


7. TECHNOLOGY OPTIONS: 

A. A transistorized Power Converter. 

B. A power converter utilizing SCRs. 

Also, utilization of the rotary transformer. 


8. TECHNICAL PROBLEMS; 

Minimizing series inductive reactance so that the resonant cyclo converter 
.will function correctly. 

9. potential ALTERNATIVES: 

DC to DC Boost Buck Regulators, CUK OC/DC Converters. 

“'0. PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT. 

25 KWe Power Converter prototype development. 

RELATED TECHNOLOGY REQUIREMENTS. 

Rotary Transformer, Orientation Drive, and Power Transfer Assembly 
(ROTODAPT). 
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CEFiNiTiCN OF TECHNOLOGY REQUIREMENT 

No. ! 

1. TECHNOLOGY REOU:REM£.NT{TlTLa;' AC 25 XWe Power Cvclo 
Converters for AC Power Distribution 

Page 3 of 3 

1 

i 12. TECHNOLOGY REQUIREMENTS SCHEDULE: NEEDED FOR ION ENGINE 
i STATIONKEEPING AND MULTIMEGAWATT MISSION USES: 



INJECTION AND 

! SCHEDULE 1TEI4 1 1 1 2 1 Si 4i 5 > 6i 7l 8 1 9 i lOl 111 12l I3l 14l 15l I6l 17i 181 19! 


TeCHNOLOGY 

25 KW OC/OC Module 
Development 

Split DC/AC - AC/DC 
Module Development 

Testing of Rotary 
Transformer Coil 
Sections in 25 KW 
DC/AC/OC Converter 


Flight Article 
Development 

Proof Flight Testing 


idc 


I I 


13. USAGE SCHcDULE: 


TECHNOLOGY .NEED DATE 


□ 

— I — 




□ 

1 

1 






total 1 

! 1 

NUMBER OF LALTICHES 

L 

□ 



L 

□ 


jJ 

iiJ 

j_ 

_ 






_ 



U. HErSHENCcS 

Study of Power Management Technology for Orbital Multi 100 KWe Applications,! 
Report CR 159834, Contract NAS 3-21757, J. W. Mildice, General Dynamics/ 
Convair Division. 


15. LEVEL OF STATE OF THE ART: 

I. Sasic pnencmena cosarved and 
reocrted 

^ Theory formulated to descnbe 
^ pnenomena 

/3^Some portions of The theory 
^tested^by physical expenmb 
or mathematical model. 


nt 


i Pentnent functions or charactenstic 
demonstrated, e.g.. matenai, 
ccmoonent 


& Component or breadboard*tested in 
relevant environment in laPorator/ 

6. Model tested in aircraft environment 

r. Model tested in space environment 

3. New capaoility denved from a mucn 
lesser operational model 

9. Reliaoility upgrading of an ooera- 
tlonal model 

10. Lifetime extension of an operational 
model 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TlTLa: Rotary Transformer Page i of_3 

Orientation Drive, and Power Transfer Assembly (ROTODAPT) 

2. TECHNOLOGY CATEGORY: • Power Management and Control 

3. OeJECnvBAOVANCEMENT REQUIRED: 0pg»‘ationa1 Modular ROTODAPTS 

with 25 KWe coil power transfer capability. 

4. CURRENT STATE OP ART: Low pov*er DC slip ring ODAPTS used on 

Geosynchronous Spacecraft. 


5. DESCRIPTION OF TECHNOLOGY: 

A ROTODAPT is required to transfer power transfer between the solar arrays 
— wh.ic h-oiu St-- lie .oriented _so their apectuce. pJUne_f 6tes_tlie_ suivl i ght ,-and 
the spacecraft bodies, which are required to point toward the earth. 

The ROTODAPT would consist of a rotary transformer, to enable low friction 
power transfer, dual redundant coaxial bearings, and a servo drive system. 


6. RATIONALE AND ANALYSIS: 

The use of a rotary transformer for power transfer across the rotary 
joint enables low friction transfer with low arcing risk. Spacecraft 
distribution and array distribution voltage can be as high as possible; 
the slip rings will not limit this voltage. Outside coil design enables 
easy maintenance and passive thermal control. 


B-44 




DEFINITION OF TECHNOLOGY REQUIREMENT 



I 
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M I ll 2l 3l 4I S' 8l rl 3l 9il0illll2 

mm 

ISl 16l l?t 18i 19I 



TSCHNOLOCY SEED DATE 


NUMBEE OF LAUNCHES 


U. REFSHENCcS ’ 

Study of Power Management Technology for Orbital Multi 100 KWe Applications 
Report CR 159834, Contract NAS 3-21757, J. W. Mlldice, General Dynamics/ 
Convair Division. 


15. LEVEL OF STATE OF THE ART: 

I. Sasic pnenomena observed and 
reported 

Theory formuiateo to describe 
phenomena 

(^Limited theory tested by physical 
I experiment or mathc-matical model 

I A Pertinent functions or characteristic 
I oemonstraicd. e.g.. matenai, 

■ component 


5. Component or breadboard^tested in 
relevant environment in lahorator/ 

6. Model tested in aircraft environment 

7. Model tested in space environment 

8. New capability derived from a much 
lesser operational model 

9. Reliability upgrading of an opera- 
tional model 

10. Lifetime extension of an operational 
model 
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DEFINITION OF TECHNOLOGY flEQUmEMENT 


i 


1. TECHNOLOGY REQUIREMENT (TlTLa: SUp Ring Orientation Drive Paoa i of J 
and Power Transfer Assembly (Slip Ring ODAPTWRotarv Joint) 

2. TECHNOLOGY CATEGORY: Power Manageiient and Control 

3. 08JECT1VBA0VANCEMENT REQUIRED: If ROTODAPTS are not developed. 

DC slip rings capable of arcless, megawatt transfer must be developed. 


4. CURRENT STATE OF ART; Low power DC slip ring OOAPTS. 


5. DESCRIPTION OF TECHNOLOGY: 

This is an extension of today's slip ring design - except pressurization 
— i s requ i red. .to.^nabl.e .hi gh . v^lI tages ,_and meteoroi d orotec ti on of- the • 
pressurization system is also requiredTniodular pressure vessels). 


6. rationale and ANALYSIS: 

If, for some unexpected reason, AC power management and distribution 
are not developed, or, when ion engine beam supplies can be supplied 
directly from DC on-array regulated sources - avoided power converters 
completely - then this technology is required. 


I 


I 

I 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1 . TECHNOLOGY REQUIREMENT mTL®! Slip Rinq Orientation Dri 
and Power Transfer Assembly (ODAPT) 

ve Page 2 of 3 


7. TECHNOLOGY OPTJONS: 

A. Wet Ring 

B. Dry Ring 

C. Axial or Radial Rings 


8. TECHNICAL PROBLEMS; 

Axial brush ring may not be topologically compatible with dui.l redundant 
bearings - requiring extra redundancy. 

9. potential ALTERNATIVES; 

Rotary transformer, orientation drive, and power transfer assemble 
(ROTODAPT). 

^0. PI.ANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT 
Air Force high voltage slip ring development up to 25 KWe. 

:i. RELATED TECHNOLOGY REQUIREMENTS; 

1. Ion engine beam voltage supply delta regulation. 

2. On-array DC power regulation. 
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CErlNlTlCN OF TcCHNOLOGY SSGUIREMENT 


1. TcCHNOLCGY S6CU!REMeNT (111X3; Slip Ring Oriantatl 
Drive and Power Transfer Assembi 




Na 


Page 3 of 3 


11 TECHNOLOGY RECUiF0^ENTS SCHEDULE: 


SCHEDULE 1TE.M | 1 1 2 I 3 I 4 I 5' 6l Tl 8 I 9 I lOl 111 I2l 13l 14l ISl 16l 17l 181 19! 



TECHNOLOGY 1 


Modularity Design | 

Study of High Power 
ODAPT 1 

1 

Prototype Development 
of ODAPT Ring Modules 
Design, Fabrication 
and Test 


Flight Article OOAPT 
Development 

Proof Flight Demonstra- 
tion 



13. USAGE SCHEDULE: 


TECHNOLOGY SEED DATE 

I 

■ 

■ 

■ 


■ 

H 

B 

B 

B 

B 

B 

B 

total ! 

1 1 

NUMBEE OF LAL74CHES 

■ 

■ 

■ 

■ 

■ 

■ 

J_ 

■ 

■ 

B 

B 

_ 

_L 

B 

B 

1 



U. REFERENCES 


High Voltage, High Power Solar Power Systems Study, LMSC-D715836, 
15 April 1980. 


1 Component or breadboerd.teeted in | 

retevent environment in laboratory 1 

1 Mode* tested in aircraft environment j 

7. Model tested in space environment 

8. New capability denved from a much 
lesser operational model 

9. Reliability upgrading of an ocera- 

tional model | 

10. Lifetime extension of an ocerationai 

model I 


15. LEVEL OF STATE OF THE ART; 

I. Sasic phenomena observed and 
reported 

I 1 Theory formu stcd to descnbe 
I phenomena 

; ^ Theory tested by physical excenment 
j or mathematical model 

i i Peninent tuncttons or charactenstic 
I cemonstrated. e.g.. matenai. 

* comoonent 


MS3 M 
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DEFINITION OP TECHNOLOGY REQUIREMENT 

1. TECHNOLOGY REQUIREMENT mTLB: Po»*er System Control p,oa i of J. 

Computers (Failure Tolerant) 

2. TECHNOLOGY CATEGORY: Power Management and Control 

3. OBUECnVBAOVANCEMENT REQUIRED: Single Failure or Dual Failure 

Tolerant Control Computers to Control the PoiKer Switching 


4. CURRENT STATE OF ART: Power Is generally controlled from ground 

stations. 


I 5. DESCRIPTION OF TECHNOLOGY: 

I 

Distributed, single, or dual failure tolerant processors which send 
j ■ commands to switch matrix drivers which- control the* switching of the 
user loads. 

( 


6. RATIONALE AND ANALYSIS: 

The power system Itself will be single or dual failure tolerant; 
therefore, the processor(s) controlling It should have the same level 
of redundancy. 
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DEFINITION OF TECHNOLOGY REQUIREMENT 


1. TECHNOLOGY REQUIREMENT (TITLE): Power ystewi Ccntrol Pag* 2 of 3 

Computers (rallure Tolerant) 

7. TECHNOLOGY OPTIONS; 

1. Distributed processors connected as a firderated system tn provide 
single or dual failure tolerant processc^s. 

2. Single package processors with single failure tolerant designs. 


8. TECHNICAL PROBLEMS: 

Architectural and software studies are required to define failure 
detection and correction strategies. 


9. POTENTIAL ALTERNATIVES: 
None. 


10. PLANNED PROGRAMS OR UNPERTURBED TECHNOLOGY ADVANCEMENT: 

Significant activity Is already under way In this area at MSFC for DC 
system concepts. It should be expanded.to Include Hybrid System Design. 


11. RELATED TECHNOLOGY REQUIREMENTS: 
Hybrid AC/DC Power System Development. 
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Management Fal^ur* 
Detection and Isolation 
Strategies - Processor 
Requirements Definition 


13. USAGE SCHEDULE: 



TTCHNOLOCY NEED DATE 


NUMBER OF LAL*NCHES 



14. REFERENCES 


Study of Power Management Technology for Orbital Multi 100 KWe 
Applications, Report CR 159834, Contract NAS 3-21757, J. W. Mtldlce, 
General Dynamics/Convair Division. 


LEVEL OF STATE OF THE ART: 


Basic pnenomena observeC and 
reoortod 

Theory formulated to descnbe 
phenomena 

Theory tested by pnysieai cxoenment 
or mathematical model 

Peninent fun<.:lons or eharactenstic 
oemonstrated. a.g.. matenai, 
component 


& Component or breadboard*tested in 
relevant environment in laboratory 

6. Model tested in aircraft environme/it 

7. Model tested in space environmert 

8. New capability denved from a much 
lesser operational model 

9. Reliability upgrading of an opera- 
tional model 

10. Lifetime extension of an operational 
model 
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1. TASK I - MONOLITHIC EPITAXIAL MULTIJUMCTION SOLAR CELL 

1.1 AlGaAaSb Multi junction Cell 

A monolithic epitaxial lil-v multi junction solar 
cell should have all junctions lactice matched to one another 
in order to avoid excessive lattice defects. If possible, 
the epitaxial stack should also be lattice matched to a 
binary III-V substrate, but this can severely restrict the 
junction bandgap range. The best junction series occur in 
the quaternary system AlGaAsSb (which allows higher bandgap 
windows than, say, AlGalnAs) for lattice constants in bet- 
ween those of GaAs and InP. A lattice-constant grading 
layer could allow such a stack to be grown on a GaAs or InP 
substrate, and a substamtial amount of work on graded lattice 
constants has been and is being done. There is a slight 
chance that the development of bulk ternary materials will 
allow substrate material of arbitrary lattice constant to be 
used.^ The best multi junction bandgap series in AlGaAsSb at 
typical operating temperatures in space was found to be 
(30*C bandgaps) 1.19-1.54-2.01 eV, which is accomplished by 
growing junctions of GaAs gSb 2 * ^ 22^ 78^ 82^^ 18' 

A1 50 Ga 42^® 83®^ 17' finally a 2.76-eV window layer of 

AlAs gjSb This has a lattice constant of 5.73 A, closer 

to GaAs (5.64 A) than to InP (5.87 A). High-bandgap txinnel 
junctions are grown in between the cell junctions. The 
tunnel junctions are taken to be perfect in these calcula- 
tions, but one could subtract, say, O.IV per tunnel junction 
from the m 20 ciroum power voltage to get an idea cf cheir effect. 

A multijunction cell-modeling program was develop- 
ed using the single-cell program of L. James^ as a building 
block. The basic cell program has 29 independent variables. 


vaiian 


nine of which are se^. for each junction In the multi junction 
program. Thus the multijunction model has 29 9 (n-1) 

independent variables# where n is the number of junctions. 
Among these are the carrier diffusion lengths in the p and n 
layers of each junction# which one %#ould like to be as long 
as possible. At present such diffusion lengths are about 
0.5 micron or less# but one would expect better values by 
1990. The effect of radiation in space is unknown# but the 
diffusion lengths are likely to be somewhat degraded# although 
it is known that III-V materials are less susceptible to 
radiation damage than silicon. Moreover# Heinbockel# et al^ 
have argued that the high operating temperature of G^lAs solar 
cells in space could allow the radiation damage to be eumealed 
out. Our study was done using two different diffusion lengths 
for all layers — 3 microns and 1.5 microns. Junction thick- 
nesses were optimized for each diffusion length (about 0.7-1 
micron for 1.5-micron diffusion length and 1-1.3 micron for 
3-micron diffusion length) . The bottommost layer can be 
almost arbitrarily thick# and 30 microns has been used in 
this work. 

Calculations were done for Air Mass 0 (AMO) at 1# 2# 3# 
10, 100# 500 and 1000 suns and at temperatures between 50 
and 250 ”C. Results are presented in tables and figures as 
follows: Table I# efficiency# 3-micron diffusion length; 

Figure 1, graph of efficiencies; Table II# maximum power 
voltage and current# 3 microns; Table III# efficiency# 1.5 
micron; Figure 2# graph of efficiencies emd Table IV# maxi- 
mum power voltage and current# 1.5 micron. A one-third-inch 
cell is specifically considered in all cases# but intrinsic 
quemtities such as efficiency do not change much with cell 
size or shape. 
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other renarlcs about the AlGaAaSb multijunction solar 
cell appear In the attached General Dynamics forms. 


unction Cell Efficiency, 3-micron Diffusion Length 
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AlGaAsSb 3-junction Cell for 1/3-inch Cell 
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TABLE IV 

AlGaAsSb 3-Junction Call 

volts). Max. Power I (amps) for 1/3-inch cell. Diffusion Length 



1000 











G«R«Sb. Cfflotency for diff* lonath “ 1.5 mleron 
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K 27% 
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2.0 TASK II - III-V CELLS FOR SPECTRUM SPLITTING 

2.1 Typ# I Short W«vl«nqth AlCaA« C»ll 

An A1 .Ga fAs solar call (30*C bandgap of 1.91 aV) 
with an A1 gjGa q^As window of 2.95 aVls proposad as tha 
Typa I call. Efflclancy as a fxmctlon of taaparatura and 
concantratlon Is plottad In Fig. 3 for tha 3S0'*S50 nin part 
of tha AMO spactrum. Efflclancy Is calculated as a fraction 
of total solar po%rar In thasa graphs, so that afflclanclas 
of tha three calls can be added to compute system efficiency. 
A l.S-mlcron diffusion length has bean used for all thasa 
calls. Since 125*C, 50 suns has bven suggested as a llXaly 
operating point for solar calls, tha complete I-v curve for 
that operating point Is sho%m In Fig. 4. Table V gives call 
parfomanca data at 125 *C, 50 suns, for Types I, IZ, and III 
spactrum split calls. Remarks about using cover slides for 
heat rejection are In Section 3.1.4. 

Figure 5 shows tha efficiency versus temperature 
and concentration for monochromatic light. Here a 1-sun 
concentration was taken to be the power In the AMO band from 
1.91 eV to the usual window cutoff of 3 eV. It was found 
for Type I cells that optimal efficiency was achieved for 
monochromatic light at 0.13 eV above the bandgap. 

2.2 Type II Medium Wavelength GaAs Cell 

The 650-900 nm AMO spectrum is well suited to a 
GaAs solar cell, and it is therefore suggested for Type II. 
Figure 6 shows efficiency versus temperature and concentra- 
tion for this :ell. The I-V curve for 50 suns, 125*C, is 
shorn in Fig. 7. 


FIGURE 3 

Mttve length RIGeRe cell 




o 


V 


FIGURE 4 I**V curva for Typ« I call, 50 suns and 125*C. 

«Saa Tabla V for currant and voltS9a scalas, 
and Pig. 10 for a discussion of I-V curva 
datails. ) 





TABLE V 



Monochromat tc response « Type I RIGsRs cell 






Type II madluin wavelength GaRe cell 




0 


V 


► 


FIGURE 7 


I-V curve for Type II cell, 50 suns and 125 *C. 
(See Table V for current and voltage scales and 
Fig. 10 for a discussion of I-V curve details.) 


] 
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Efficiency versus temperature and concentration 
for monochromatic light (1 sun being the power in the AMO 
band from 1.38 eV to 1.91 eV) is shown in Fig. 8. In Type 
II cells, the optimal efficiency was achieved for monochro- 
matic light at 0.10 eV ed»ove the bandgap. 

2.3 Type III Long Wavelength GaAsSb Cell 

The 900-1200 nm AMO band is probably best suited 
for a silicon solar cell, but since Varian is best equipped 
to evaluate III-V solar cells, this analysis was done for a 
GaAs ^^Sb 27 cell having 1.11-eV bandgap at 30 *C. Figure 9 
shows the efficiency versus temperature and concentration. 
The I-V curve for 50 suns, 125 *C, is in Fig. 10. 

Efficiency versus temperature and concentration 
for monochromatic light Cl sun being the AMO power from 1.03 
to 1.38 eV) is shown in Fig. 11. Optimal efficiency was 
achieved with the monochromatic light 0.07 eV above the 
bandgap for Type III cells. 
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Monochromat I o response^ Type II GeRe cell 






FIGURE 9 

Type III long niavelength GaRsSb call 




o 


V 


j 

i 


FIGURE 10 I-V curve for Type III cell, 50 suns and 125 ®C. 

(See Table V for current and voltage scales.) 

The outside envelope of che set of curves repre- 
sents the I-V curve of the junction Itself, with 
no series resistance. The curve through the points 
of the Inverted Vs Includes sheet resistance losses. 
The curve through the Inside edge of the Vs in- 
cludes the voltage drop through the ohmic contact 
resistance, blockage of light by the metallization, 
and loss of current In the junction under the metal- 
lization. The curve drawn Inside the set of 10 
bunched curved lines Is the terminal I-V curve. 

It Includes losses due to the resistance of the 
grid contact metallization. The maximum power 
point Is at the point where the lines are most 
closely bunched together. 
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Honoohromat 1o rsponaa. Type III GeReSb call 
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3.0 TASK III - SOLAR CELL MANUFACTURING AND COST PROJECTIONS 

3 . 1 Multljunctlon Sol&r Call Manufacturing Procf 

Multi junction solar call manufacturing can be 
divided Into four major component process areas as shown In 
Table VI. Each of these areas Influences the performance 
and cost of the cells. High volume » commercial equipment Is 
available for many processes; however, several processes, 
such as epitaxial grovrth and packaging, require In-house- 
designed equipment to meet specific cell design and system 
requirements. The cells are processed In wafer form until 
step 12 where they are cut into individual cells. This 
process would be used If cells were processed today; how- 
ever, various Improvements will undoubtedly be introduced by 
1990. The following discussion will describe several of the 
most Important processes. 

3.1.1 GaAs Substrate Preparation 

In this cost study, we will consider the 
epitaxial multijunction stack to be lattice matched or lat- 
tice-constant graded to a GaAs substrate. Single crystal 
GaAs substrates of the size required are available from 
either liquid encapsulation Czochralski (LEG) or horizontal 
Bridgmen growth. Varian grows high quality LEG ingots 2.5 
inches in diameter weighing 1.5 kgm. It is very likely that 
ingots at least 3 inches in diameter weighing 4-5 kgm will 
be availedile by 1990. Rectangular ingots are being grown by 
horizontal Bridgmen which can supply wafers that are 1.25 
inches x 1.75 inches, and this size will also be signifi- 
cantly increased by 1990. Polycrystalline GaAs, which 
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TABLE VI 

SOLAR CELL MANUFACTURING PROCESS FLOW 


I. G«A« SUBSTRATE PREPARATION 

1. Polycrystallln* GaAs Growth 

2. Single Crystal GaAs Growth 

3. Slice into GaAs Substrates and Polish 

II. ACTIVE LAYER EPITAXIAL GROWTH 

4. Organometallic Vapor Phase Growth 

III. CELL FABRICATION 

5. Si02 Deposition 

6. Front Contact Photolithography 

7. Front Contact Metal Evaporation 

8. Front Contact Metal Lift 
3. Back Contact Evaporation 

10. Front and Back Contact Alloy 

11. Plate Front Contact 

12. Cut Wafer into Individual Cells 

13. Etch to Remove Si02 and GaAs Contact Layer 

14. Deposit Antireflection Coating 

15. Test at One Sun 

IV. CELL PACKAGING 

16. Solder Solar Cell to Baseplate 

17. Solder Interconnect Metal to Solar Cell Front 

Contact and Baseplate 

18. Test at Concentration 

19. Attach Cover Glass with Transparent Adhesive 

20. Test at Concentration 
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contmlns th« n-typ« dopant (Sn, To, otc.), ia uaod aa tho 
atartlng matarlal for both of thoao growth tochniquoa. 



Slnglo cryata.*.. GaAa Ingota aro a Head on a nultlblado 
aaw into wafora .020 inch thick. Tho wafora aro than lappod 
and chemically-mochanlcally pollahod to romovo aaw damago 
and provido flat, amooth, daoago-froo aurfacoa roqulrod for 
high yield opitaxial growth. Final wafor thicknoaa ia .016 
inchoa. Thia will alao bo vary noarly tho thicknoaa of tho 
multi junction aolar coll. Bocauao thoy aro largo^aroa 
dovicoa, GaAa colla aro auacoptiblo to broakago during 
procoaaing. It would probably not bo coat offoctivo to 
product thinner colla bocauao of roducod yiold. Howovor, 
tho poaaibility of roducing tho thicknoaa to .OlO^.O!! 
inchoa would bo invoatigatod during oarly atagoa of produc- 
tion to determino tho oxact yiold and net coat effect. 

3.1.2 Solar Cell Active Layer Epitaxial Growth 

In tho organomotallic vapor phaao epitaxy 
procoaa, the wafora aro placed on a auacoptor which ia 
heated, and H2 gaa containing varioua organomotallic compounda, 
hydridoa auch aa AaH^, and dopant gaaes aro paaaed over tho 
wafora. Chemical roactiona roault in dopoaition of tho 
active layora on tho wafer aurface. It ia a continuoua 
proceaa in which tho compoaitiona of the varioua layora are 
determined by the chemical inputa to tho gaa tranaport 
ayatem. Tho organometallic proceaa can employ larger reactors 
than are preaently uaed, can handle a variety of wafer 
aizes, and give amooth wafer aurfacea which are important 
for photolithography during coll fabrication. The main 
challenge with organomotallic grovrth is to control material 
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1 



prop«rtl«s to moot th% doalrod coll •fficlonclos 


3.1.3 Solar Coll Fabrication , 


Following activa layar gro%rth> tha 
wafars ara matalllzad, cut into individual calls, covarad 
with tha antiraflaction coating, a<*.d taatad at ona sun for 
accaptabla parfomanca. Most of theaa procassas usa cost- 
aff activa, high-voluna , sasiiconductor industry aquipmant. 

Tha procassas must ba carafully controllad in ordar to 
obtain high yialds. A low spacific contact rasistanca is 
assantial for high call afficiancy, and this proparty is 
monitorad during fabrication. 

Tha AR coating will most likaly ba 
aithar Si^N^ or Ti02. ^^3^4 currantly usad and is dapo- 

sitad by a plasma daposition procass. Ti02 has baan davalop- 
ad axparimentally as an AR coating and will probably ba 
aval labia by 1990 for production if raquirad. 

3.1.4 Solar Call Packaging 

Tha call packaging procadura consists of 
attaching tha call to a call support structura (basaplata) 
and intarconnact matallization and installing a covar glass. 
Tha GaAs call is soldarad to a basaplata which provides 
solder connections to tha front and back call contacts. Tha 
call basaplata can than ba mounted to tha array by aithar a 
solder or mechanical connection. This basaplata could be 
made part of tha array structure so that it would not add 
extra weight. The baseplate could ba matallizad alumina 
approximately .020 inch thick and rectangular in shape so it 
could easily insert into a pattern of open matching spaces 
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ccntv.ining th« ovarall systan intarconnact natalllzation. 

Tha call would ba soldarad to tha baaaplata using vacuua 
soldar, and a natal laadfrana Intarconnact could ba soldarad 
from tha front contact of tha call to tha basaplata in tha 
Sana nannar. 

A ccvar glass for radiation pro taction 
would ba attachad to tha soldarad 6aAs call using a spaca- 
approvad transparant adhasiva such as Dow Coming 93-500. 
III-V solar calls appaar to ba mora rasistant to radiation 
damaga than silicon calls and could probably usa a .004 inch 
thick MgFj or blua-rad-coatad caria-dopad microshaat covar 
for light waight. This givas axcallant transmission and 
parhaps 0.5-1. 5% powar anhancamant whan bondad to tha GaAs 
call AR coating of Ti02> An altarnata covar to ba triad 
%fould ba .006-. 012 inch thick fusad silica with antiraf lec- 
tion and tJV rejection coatings. Tha expected transmission 
is tha same} ho%#aver, this is a thicker covar which adds 
%iaight. A blua-rad coating which would reflect most of tha 
IR above 1.0 pm would ba vary useful for heat rejection in 
this high concentration system. Reduced heat transfer 
through tha call would simplify attachment of tha call to 
tha array. 


Tha call-baseplate assembly would be 
tasted at concentration to select those units for glass 
covers anl tested again after covar attachment. This should 
result in a high yield of good calls attachad to tha array. 

3.2 Projected Solar Cell Costs 

IIZ-V solar call costs are presently vary high 
because the cell technology is still undergoing considerable 
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development and high volume facilities do not exist at this 
time. Future costs will depend largely on the extent of 
engineering efforts given to III-V and the volume of cells 
required. Extensive engineering programs can develop high- 
volume processen in all areas — materials, fabrication and 
packaging. In addition, progress on volume production ky 
1990 of GaAs Integrated circuits and optoelectronic devices 
will have significemt impact on some of the costs, such as 
substrates and quite possibly epitaxial gro%rth. Government 
emd private funding for terrestrial GaAs cells could have a 
large impact as well. 

The major areas requiring development to 
lower solar cell costs for large power arrays are epitaxial 
ciuiterial and packaging components and technology. Consi- 
derable commercial equipment already exists for fabrication, 
yet largely remains to be developed for materials and packag- 
ing. High-volume fabrication equipment will also continually 
be developed for the general semiconductor market. The 
major focus in fabrication should be aimed at high-yield 
processes using existing equipment. As these processes are 
more clearly defined, any high-volume fabrication equipment 
not available can be developed. 

Low-cost solar cell wafers, including sub- 
strate and epitaucial layers, are eJasolutely essential for 
low-cost cells. Th:.s is importanc an it relates to the 
basic ccst of materials as well as fabrication costs, which 
are greatly reduced by processing large wafers containing 
numerous cells per wafer. Bulk GaAs ingots of 3" diauneter 
and 5-10 kgm will be required for low-ccst substrates. 
Organometallic epitaxial growth will need multiwafer run 
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capability > with fast turnaroxind tima. The amount of 

material required for sizeUsle cell power production will be 

very leurge. For example, the production of 4 MW/year would 

2 

require >1 million in of epitaxial wafers. It is obvious 
that high-volume processes are required to handle these 
quantities of wafers at reasonable ladsor and capital equip- 
ment costs. 

Packaging costs can be a significant percentage of the 
total costs. Not only can package components be expensive, 
but they can critically affect yield, initial performance, 
and reliedsility of solar cells, all of which can have siz2d3le 
cost Implications if not carefully considered. Packaging 
materials and fabrication techniques for these materials 
determine the package component costs. 

The potential for obtaining low-cost solar cells can be 
demonstrated by comparison to a very similar industry — 
naunely, optoelectronics for LED devices. The optoelectronics i 

industry has clearly shown that GaAs and related compounds | 

(GaAs?, GsP) can be greatly cost-reduced through volume pro- | 

cessing of the materials. In addition, the optoelectronics | 

industry has shown that materials (substrates and epitaxial | 

.1 

growth) emd packaging are the domineuit cost factors. The ] 

optoelectronics GaAsP processes are quite sisiilar uo solar | 

cells in kind and only differ in specific details. Both ! 

require GaAs suostrates, epitaxial growth, fabrication of ! 

metallized devices, testing of unpackaged devices, packaging I 

and final test. The yield and cost considerations for solar 
cells will be very similar to optoelectronics devices. We 
have compared our basic cost estimate, where possible, to | 

available costs from the LED industry and found them con- ^ 
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sistent. If the market develops as expected, the costs will 
be achievable. These costs also assume a continuous market 
for GaAs cells and an 80% learning curve as volume Increases. 

Cost projections are based on a method used for calcu*' 
latlng terrestrial cell costs and adding 30% for special 
costs related to space cells. These special costs cover 
additional documentation and quality control tests required 
for space cells. The packaged cell costs also Incorporate 
cover glass quotes and associated assembly costs from two 
potential vendors. Aside from these two considerations, 
cost estimates are similar to those done for terrestrial 
cells. 


For this contract, the following specific assumptions 
are used: 

1. Concentration ratios of 50 and 100 

2. Operating temperature of 150 "C 

3. Theoretical efficiency of 22.5%, although there 
will probably be a 1% difference In efficiency 
from 50-100 suns. This was not considered. 

4. Average actual power output at 90% of theoretical 

5. AMO solar power of 1.353 kW/M^ 

6. Cell size. This was not specified, but Individual 
cells might be on the order of 1.5 cm x 3 cm. 

7. 15% of cell covered by busbar metal for contact 
to package components. 

8. Loss of 10% of the epitaxial material due to wafer 
edges not usedsle as part of a cell. 

9. Overall cumulative yield of 60.5% of assembled 
good cells out of potential cells obtainable from 
wafers entering the epitaxial process. 

10. Cell costs at selling prices to array numufacturer 
f.'om an outside supplier. 
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11. 1980 $ values. 

From these assumptions and terrestrial cell cost pro- 
jections, cost curves were generated as a function of cumu- 
lative cell production for packaged cells at 50x and lOOx 
concentration ratios. The packaged cell cost includes all 
soldering operations and cover glass attacitunent required for 
a unit which could be mounted to an array. These projections 
follow an 80% learning curve. These cxirves are shown in 
Fig. 12 for cumulative power levels from 1 to 1000 MW. The 
upper curves for both concentration ratios assume technology 
and material costs similar to today's optoelectronic industry. 

The lower curves assiuno a 50% reduction in these costs. For 

2 

exeunple, present wafer sizes are small (2-3 in ) compared to 

2 

those obtained from potential 3" diameter ingots (7 in ) . 
Similar improvements in epiteucial, fabrication, and packaging 
throughput could bring about lower costs. 

Several conclusions may be made from these curves zmd 
discussion: 

1. Costs in $/Wp (Wp ■ peak watt) at high-power 
volumes can be greatly reduced from present 
space solar cell costs. 

2. Higher concentration ratios strongly lower cost 
due to the high cost of GaAs material and packag- 
ing materials such as cover glasses. 

3. Volume has a strong impact both from the stand- 
point of the learning curve as well as technology 
breakthroughs which occur for sizable markets. 
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To meet these costs, all areas of solar cell 
development will need strong support, but materials 
and packaging In particular. 
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